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Abstract 
 
 
The reaction of the potentially tridentate Schiff-base chelate Hhaep [Haep = N’-(1-
(2-hydroxyphenyl)ethylidene)benzohydrazide] with [ReCl3(benzil)(PPh3)] and 
trans-[ReOCl3(PPh3)2] produced the neutral oxorhenium(V) complexes cis-
[ReOCl2(mep)] [Hmep = 2-(1-iminoethyl)phenol] and  cis-[ReOCI2(meb)(PPh3)]      
[Hmeb = N’-(propan-2-ylidene)benzohydrazide] in ethanol and acetone 
respectively.  In both reactions the Hhaep molecule cleaves to give different 
coordinated bidentate NO-donor chelates coordinated to the rhenium(V) centers. 
The X-ray studies reveal that mep is present as a bidentate, monoanionic Schiff-
base coordinating through the neutral imino nitrogen and the deprotonated 
phenolate oxygen in cis-[ReOCl2(mep)]. The bond distances and angles in cis-
[ReOCI2(meb)(PPh3)] confirm that meb coordinates to the metal in the enolate 
form. 
 
The distorted octahedral complex fac-[ReCl3(dpa)(PPh3)] was prepared by the 
reaction of trans-[ReCl3(MeCN)(PPh3)2] with a twofold molar excess of dpa in 
acetonitrile under a nitrogen atmosphere. The compound dpa.HCl.2H2O was 
obtained as a by-product in the reaction of dpa with trans-[ReCI3(MeCN)(PPh3)2] 
in acetonitrile. 
 
The reaction of trans-[ReCl3(MeCN)(PPh3)2] with a twofold molar excess of  6-
amino-3-methyl-1-phenyl-4-azahept-2-ene-1-one (Hamp)  in acetonitrile led to the 
isolation of cis-[ReCl2(bat)(PPh3)2]. On complexation to the metal center Hamp 
decomposed to give the coordinated benzoylacetone (bat). Bat is present as a 
monoanionic bidentate chelate. 
 
The complexes [ReVOCI(had)] and [ReIVCl(had)(PPh3)](ReO4) were prepared from 
the reaction of trans-[ReCl3(MeCN)(PPh3)2] with N,N-bis((2-hydroxybenzyl)-2-
aminoethyl)dimethylamine (H2had) in ethanol under various reaction conditions.  
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The treatment of [ReCl3(benzil)(PPh3)] with 2-[((2-
pyridinylmethyl)amino)methyl]phenol (Hham) in a 2:1 molar ratio in acetonitrile led 
to the isolation of the hydrogen-bonded dimer  [ReOCl2(ham)]2. 
 
The distorted octahedral complex [ReOCl(hap)] [H2hap = N,N-bis(2-
hydroxybenzyl)aminomethylpyridine] was prepared from the reaction of trans-
[ReCl3(MeCN)(PPh3)2] with a twofold molar excess of H2hap in acetonitrile.  The 
X-ray crystal structure analysis shows that the chloride is coordinated trans to the 
tripodal tertiary amino nitrogen, with a phenolate oxygen trans to the oxo oxygen.   
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Chapter 1 
 
Introduction 
 
 
1.1 Motivation and aim of study 
 
The importance of rhenium coordination chemistry is mainly due to its expanding 
application in nuclear medicine, the permanent quest for new compounds with 
improved chemical and pharmaceutical properties, and catalysis [1-3]. This is 
primarily because the third row transition metal analogue of technetium exhibits 
similar  chemical  behaviour, and has particle-emitting radionuclides (186Re t1/2  =  
90 h, βmax  = 1070 keV, Eγ = 137 keV; 188 Re t1/2  = 17 h, βmax  =  2120 keV, Eγ = 155 
keV) with optimal properties applicable to therapeutic nuclear medicine. 
 
Rhenium radiopharmaceuticals are based on existing 99Tc analogues because of 
similarities in chemical behaviour (size, shape, dipole moment, formal charge, 
lipophilicity, etc.) of these elements. Another advantage is that these similar 
physical properties cannot be distinguished by biological systems, and therefore 
the analogous technetium and rhenium complexes are expected to share the 
same biodistribution pattern [4]. 
 
The impetus for advances in the coordination and radiopharmaceutical chemistry 
of rhenium is the synthesis of novel rhenium compounds which can explore the 
effect of pendant groups, geometry, molecular weights, size and charge of these 
complexes on their biodistribution. Initially these research efforts concentrated 
mainly on the oxidation state +V to advance the development of stable 
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radiopharmaceuticals, since it is easily obtained from perrhenate and can be 
stabilized by a large variety of ligands.   
 
The approach in this project to the development of novel rhenium complexes has 
been the exploration of the lesser known chemistry of rhenium(III). As an 
extension of our previous rhenium(V) studies, the reactions of NxOy-donor Schiff- 
bases (x = 1, 2; y = 1) with rhenium(III) complexes have been investigated [5]. The 
interest in these compounds as ligands stems from the biological and 
pharmaceutical applications of their metal complexes, which show antibiotic 
activity after coordination [6-8].  
 
This study also includes the interaction of 2,2’-dipyridylamine and N2O2-donor 
tripodal ligands with [ReCl3(MeCN)(PPh3)2]. Tripodal ligands based on nitrogen 
heterocyclic donors have earned an important place in transition metal chemistry 
as they frequently provide robust metal-nitrogen coordination [9].  
 
 
1.2 The chemistry of rhenium 
 
An important feature of the chemistry of rhenium is the existence of a large 
number of easily accessible oxidation states ranging from +I to + VII which 
interconvert under mild redox conditions [10]. For this reason, reactions often yield 
mixtures of products, and experiments must be carefully controlled to obtain 
reproducible results. Structural features associated with the oxidation states may 
be summarized as follows [11]: 
 
i. in lower oxidation states +I and +II, most of the stable complexes are 
monomeric and contain π-acids such as carbonyl, phosphines and 
polypyridyl ligands; 
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ii. in higher oxidation states from +V to +VII, complexes can exist as 
monomers and are coordinated by a strong σ-donating oxide or nitride, and 
as dimeric forms being bridged by an oxide; 
iii. in intermediate oxidation states from +III to +V, formation of direct metal-
metal bonds causes further variation of the structures, in addition to some 
mononuclear complexes without metal-metal bonds. 
 
1.2.1 The general chemistry of rhenium(V) 
 
The most characteristic feature of rhenium(V) is the  existence of a large number 
of stable, diamagnetic complexes in which the metal forms multiple bonds to 
oxygen, nitrogen and sulfur [10,12]. These complexes are usually octahedral and 
of the type [ReOX5]2-, [ReOX4L]-, [ReOX3L2], [ReO2X4]3-, [ReO2L4]+, 
[(ReOX2L2)2O], [ReNX2L3] and [Re(NR)X3L2]. These complexes mostly exhibit a 
distorted octahedral geometry. 
  
The most commonly used approach to the study of the coordination chemistry of 
rhenium(V) is the use of the precursor compounds such as trans-[ReOCl3(PPh3)2], 
trans-[ReO2(py)4]X (X = Cl, Br or I), (n-Bu4N)[ReOX4], cis-[ReO2I(PPh3)2] and 
[ReOCl3(Me2S)(OPPh3)]. The design of new rhenium(V) complexes involves 
ligand substitution of these rhenium(V) metal ion centers, which can easily be 
achieved in the cold or by gentle heating in a suitable solvent. However, 
rhenium(V)-oxo species are not entirely stable since they can undergo the 
following reactions: 
 
(a) Oxidation 
 
The oxorhenium(V) species are oxidized directly to perrhenate by fairly  strong   
oxidants without forming any intermediates. For example, [ReOCl4(H2O)]- in 10M  
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HCl is oxidized by NO2-  to [ReO4]- as shown in the reaction below [13]: 
 
 
5[ReOCl4(H2O)]-    +    2NO2-     →    3[ReO4]-     +    2[ReCl5(NO)]2-    +    10HCl 
 
 
(b) Reduction 
 
The mono-oxo rhenium(V) species is easily reduced by employing mild reducing 
agents such as triphenylphosphine resulting in the formation of a mononuclear 
rhenium(III) complex with the removal of the terminal oxide [14]. This procedure 
provides the synthetic route for octahedral complexes of rhenium(III) compounds. 
An example is shown in the following reaction: 
 
 
trans-[ReVOCl3(PPh3)2] + MeCN + PPh3  → trans-[ReIIICl3(MeCN)(PPh3)2] + OPPh3    
 
 
(c) Disproportionation 
 
Oxorhenium(V) complexes can undergo disproportionation to rhenium(IV) and 
rhenium(VII) as shown in the example [15]: 
 
 
   3[ReOCI5]2-      +     H2O     →     [ReO4]-     +     2[ReCl6]2-     +     CI-     +     2HCI 
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(d) Protonation of the terminal oxide 
 
The trans-dioxo species readily yield oxohydroxo complexes in acidic solutions 
[11]. For example, in the presence of 2M hydrochloric acid [ReO2(en)2]+ (en = 
ethylenediamine) gives a pink solution of [ReO(OH)(en)2]2+. 
 
(e) Ligand substitution 
 
Ligand substitution is readily affected in the cold or on gentle warming in a suitable 
solvent [10]: 
 
[ReO2l(PPh3)2]     +     2L      →     [ReO2L2]+      +     I-     +     2PPh3;      L = dppe 
 
 
Substitution by water is often followed by deprotonation to give the trans-dioxo 
species [10]:  
 
trans-[ReO(OEt)l2(PPh3)2] + H2O  acetone cis-[ReO2l (PPh3)2]  +  HI  +  EtOH 
 
 
1.2.2 The coordination chemistry of rhenium(V)  
 
1.2.2.1 Complexes with bidentate NO-donor ligands 
 
The study of rhenium(V) with NO-donor chelates has been limited to Schiff-base 
ligands, which are relatively polarizable and able to stabilize the rather acidic 
[ReO]3+ core.  Bidentate NO-donor Schiff-bases, containing an imine nitrogen and  
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a phenolic oxygen, always produce complexes with a phenolate oxygen atom 
trans to the oxo group in distorted octahedral geometries around the  [ReO]3+ core 
[17,18]. 
 
The reaction of [(C6H5)As][ReOCI4] with the bidentate, monoanionic Schiff-bases 
N-methyl-salicylideneimine (MesalH) and N-phenyl-salicylideneimine (PhsalH) in 
boiling ethanol or THF, gave the six-coordinate complexes [(C6H5)4As][ReOCI3L] 
and [ReOCI(L)2] (L = Mesal, Phsal) depending on the reaction stoichiometry [19].  
Similarly, the neutral complex [ReOCI(L)2] can also be prepared by using trans-
[ReOCI3(PPh3)2]  as the starting material [17]. 
 
Complexes of 3-hydroxypicolinic acid (HpicOH) are of biological interest [20]. 
HpicOH is a potential chelate with interesting possibilities: it may coordinate 
bidentately through (i) the pyridine nitrogen and the anionic acetyl oxygen (NO-
chelation) thus forming a five-membered chelating ring, or (ii) the anionic acetyl 
oxygen and the deprotonated phenolic oxygen (OO-chelation), yielding a six-
membered chelating ring as shown in Figure 1.1. 
 
N N
O
Re
O
O
HO
O
O
NO-chelation OO-chelation
Re
 
 
Figure 1.1. Coordination modes of 3-hydroxypicolinic acid. 
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The reaction of [ReOCl4]-  with a twofold molar excess of HpicOH produced the 
complexes [ReOCl3(picOH)]- and [ReOCl(picOH)2] under different reaction 
conditions [21]. By changing the starting material to cis-[ReO2I(PPh3)2], the neutral 
complex [ReO(PPh3)(picOH)2]I is obtained [22]. In all these complexes, the 
coordination of HpicOH has led to NO-chelation of the ligand due to the 
preference of the deprotonated phenolic oxygen to be coordinated trans to the 
Re=O moiety.  
 
The reaction of the potentially NO-donor ligand 2-(1-ethyloxomethyl)-1-
methylimidazole (eomi) with trans-[ReOCI3(PPh3)2] led to the formation of the oxo- 
bridged dinuclear complex [µ-O][ReOCI2(eomi)2]. The ligand eomi coordinates as 
a monodentate chelate through the imidazole nitrogen. A similar reaction with 2-
(hydroxymethyl)-1-methylimidazole (Hmi) led to the isolation of cis-
[ReOCI2(mi)(PPh3)] (see Figure 1.2). The complex has a distorted octahedral 
geometry, in which mi coordinates as a bidentate chelate, with the alcoholate 
oxygen bonded trans to the oxo group [23]. 
 
Re
O
O
Cl
PPh3
Cl
N
 
 
Figure 1.2. Structure of cis-[ReOCI2(mi)(PPh3)]. 
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Indicative to the trend found, the complex trans-[ReOCI3(PPh3)2] or (n-
Bu4N)[ReOCl4], reacts with the bidentate NO-donor ligand 2-aminophenol (H2amp)  
to give the six-coordinate compounds [ReOCl2(Hamp)(PPh3)], [ReOCl(amp)2], (n-
Bu4N)[ReO(amp)2] and (n-Bu4N)[ReOCl3(Hamp)] under various conditions [24].  In 
all the complexes the ligand is coordinated bidentately through the neutral amino 
nitrogen with the phenolate oxygen and the oxo group being in trans axial 
positions. 
 
1.2.2.2   Complexes with bidentate NN-donor ligands 
 
It was reported that the neutral oxorhenium(V) monomers [ReOCl3(pimR)] (R = H, 
Me) were prepared by the reduction of [ReO4]- with an equimolar amount of PPh3  
in the presence of the bidentate ligands 2-(2’-pyridyl)imidazole (pimH) and 2-(2’-
pyridyl)-1-methylimidazole (pimMe) and hydrochloric acid, in  the presence of 
glacial acetic acid [25].  
 
The synthesis of cis-[ReO2(Hdab)(py)2] from the reaction of 1,2-diaminobenzene 
(H2dab) and trans-[ReO2(py)4]I in ethanol at room temperature was reported to be 
the first neutral octahedral cis-dioxorhenium(V) complex in which the bidentate 
coordination of the ligand is the monoanionic amidoamine form [26].  
 
Derivatives of 1,2-diaminobenzene have been used to form rhenium(V)-amido 
complexes [27]. For example, the complex [ReO(Hdap)2]CI.2H2O was prepared 
from the reaction of trans-[ReOCl3(PPh3)2] with 2,3-diaminopyridine (H2dap). The 
complex has a square pyramidal geometry, and the two bidentate chelates of 
Hdap exist in the monoanionic form, i.e. both the amino groups of each ligand are 
singly deprotonated, with the pyridyl nitrogen being protonated (Figure 1.3). 
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N
H
NH-
NH-
 
 
Figure 1.3. Monoanionic coordination form of Hdap. 
 
1.2.2.3   Complexes with tridentate ligands 
 
Tridentate chelates are very useful in organometallic chemistry because they have 
several specific capabilities that allow not only the stabilization of a variety of 
metal oxidation states, but also the control of both the reaction and complex 
stereochemistry as a result of the geometric restrictions that they impose [28]. It 
was found that tridentate ligands with an ONX (X = O, S) donor-atom set 
coordinate on the equatorial plane and the position trans to the oxo group was 
always occupied by a chlorine atom or a small oxygenated molecule like water or 
methanol [29,30,31].  
 
The six-coordinate oxorhenium(V) complex trans-[ReOCl2L] was obtained by the 
reaction of (n-Bu4N)[ReOCl4] with the tridentate NON-donor ligand (1-(8’-
quinolyliminomethyl)-2-naptholato) (HL) [32]. Surprisingly, the X-ray crystal 
structure of trans-[ReOCl2L] reveals that the ligand is coordinated in an unusual 
trend, with the central imino nitrogen of the ligand coordinated trans to the Re=O 
moiety (Figure 1.4). 
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Re
O
Cl N
O Cl
N
 
 
Figure 1.4. Structure of trans-[ReOCl2L]. 
 
Di-(2-pyridyl)ketone (dpk) can act as a bidentate, tridentate or bridging chelate. 
Dpk can coordinate to the metal center either through the two pyridinyl nitrogen 
atoms or one pyridinyl nitrogen and carbonylic oxygen. It was observed that dpk 
undergoes nucleophilic attack by water or alcohols upon complex formation to 
give complexes containing dpk.H2O or dpk.OH (Figure 1.5) [33]. The deprotonated 
gem-diol form of dpk.OH can coordinate to the metal ion as NNO-chelates or as 
bridging ligands. An example of the latter is the complex 
[ReOBr3(dpk.OH)].2(dpkH+Br-) that was prepared from the reaction of 
[ReOBr3(PPh3)2] with dpk [34] . 
 
N N
O
N N
RO OH
di-(2-pyridyl)ketone (dpk)
ROH
dpk.ROH
 
 
Figure 1.5. Nucleophilic attack of dpk at the carbonylic carbon atom. 
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The reaction of the tridentate ONS-donor ligand N-(2-
mercaptophenyl)salicylideneimine (HSPhsalH) with [ReOCI4]- and (n-
Bu4N)[ReOBr4(OPPh3)] gave square pyramidal complexes [ReOCI(SPhsal)] in 
solvents such as PrnOH or BunOH, and [ReOBr(SPhsal)] in the presence of  
chloroform and methanol, respectively [29,35]. Upon changing the reaction solvent 
to methanol or ethanol, the six-coordinate complex [ReOCI(X)(SPhsal)] (X = 
MeOH, EtOH) was formed with a solvent molecule occupying the position trans to 
the oxo group [29].    
 
1.2.2.4   Complexes with tetradentate ligands 
 
Tetradentate ligands containing the XNNX donor-atom set (X = O, S) coordinate 
on the equatorial plane, and the complexes have a molecule of water or alcohol, 
or a halogenide ion trans to the Re=O bond [17,31].  
 
The reason for this trans orientation can be ascribed to the repulsion that is 
exerted by the oxo group on the equatorial ligands. It originates from the 
increased space occupied by the localized orbitals of the oxo group. This 
repulsion increases in the order N < Cl- < O-, which is also the order of increasing 
hardness of the donor atoms as bases [36]. Therefore harder bases leads to 
stronger ionic bonds with the hard acid rhenium(V), and thus stronger repulsion as 
a result of higher population of their orbitals.     
 
The reaction of the potentially tetradentate ligand N,N’-bis[2-
(diphenylphosphino)phenyl] propane-1,3-diamine (H2ddpd) with [ReOCI4]- 
produced stable, neutral six-coordinate oxorhenium(V) complexes of the type 
[ReO(ddpd)X] (X = Cl, OH, OMe, OEt, O2CCF3) [37]. The complex has a distorted 
octahedral geometry with the P2N2 donor atoms of ddpd coordinated in the 
equatorial plane; the mononegative, unidentate nucleophile is bonded trans to the 
Re=O group.  
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In a similar way, the reaction of [ReO4]- with the tetradentate ligands 1,2-di(o-
aminophenylthio)ethane (H2L1) and 1,3-di(o-aminophenylthio)propane (H2L2) 
yielded the six-coordinate oxorhenium(V) compounds [ReO(L)Cl] (L = L1, L2) [38].  
 
The reaction of [ReO4]- with the potentially tetradentate ligand N,N’-bis(2-
pyridylmethyl)ethylenediamine tetrahydrochloride (H2pmen) produced the 
complexes [ReOCl(Hpmen)](ReO4) and [ReO2(Hpmen)](ReO4) under various 
reaction conditions [39]. In [ReOCl(Hpmen)](ReO4), the equatorial plane is defined 
by the chloride, a pyridinyl nitrogen and two amino nitrogens; the second  pyridinyl 
nitrogen and the oxo group are in trans axial positions.  
 
It was also reported that the reaction of [ReOCI3(PPh3)2] with 1,3-di-(pyridin-2-
yl)but-1-ene-1,3-diol (H2dbd) led to the formation of the ligand-bridged dinuclear 
complex (µ-dbd)[ReOCl2(PPh3)]2 [40].  
 
1.2.3   Monomeric complexes of rhenium(IV) 
 
The +IV oxidation state is particularly stable in association with classical ligands 
(i.e. predominantly σ-donors).  Octahedral complexes of the type [ReX6]2-, 
[ReX5L]-, [ReX4L2] and [ReX4(L’)], are normally adopted, where L and L’ are 
monodentate and bidentate neutral ligands, respectively [10]. 
 
The main synthetic routes of mononuclear rhenium(IV) complexes are: 
 
(a) Reduction  
 
Reduction of perrhenate occurs readily in acidic solutions. In the presence of 
concentrated acids, HX (X = CI, Br, I) readily leads to the formation of [ReX6]2- ions  
[41].   Mild   reducing   ligands   such   as   triphenylphosphine   may   also  reduce  
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rhenium(V) compounds,  eg. the reduction of [ReVCl5] to [ReIVCl4(PPh3)2] [10]. 
 
(b) Ligand substitution 
 
Anionic complexes like [ReX6]2- are inert to substitution and are seldom used for 
the synthesis of other rhenium(IV) compounds. The more labile species 
[NEt4][ReCl5] and [ReCl4(MeCN)2] are useful intermediates. However, bridge-
splitting reactions of the [NEt4][ReCl5] and [ReCl4(MeCN)2] with the ligand provides 
a route to the synthesis of rhenium(IV) compounds such as [ReIVCl5L]- and 
[ReCl4(MeCN)2]. Complexes with the general formula [ReCl4L2] are readily 
obtained by removing MeCN from the following equilibrium [42]: 
 
 
[ReCl4(MeCN)2]     +     2L     ↔     [ReCl4L2]     +     2MeCN;     L = py,  PPh3 
 
 
(c) Oxidation 
 
The oxidation of mononuclear rhenium(III) compounds with halocarbons occurs 
under more forcing reaction conditions. An example is the oxidation of trans-
[ReCl3(RCN)(PPh3)2] by warm carbon tetrachloride according to the reaction [43]:   
 
trans-[RelllCl3(RCN)2(PPh3)2]    +   CCl4   →   [ReIVCl4(PPh3)2]   +  RCN   +   ½ C2Cl6 
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1.2.4   Monomeric complexes of rhenium(III) 
 
Several mononuclear octahedral rhenium(III) complexes have been isolated in 
which classical σ-donors co-exist with weak π-acceptors. They are mostly of the 
type [ReX2L4]+ and [ReX3L3]. 
 
The reduction of rhenium(V) to rhenium(III) occurs with such ease that it is often 
encountered under conditions that might have been expected to lead to 
substitution [10]. The chemistry of low-valent rhenium species in the coordination 
sphere is dominated by the presence of moderate to strong acidic ligands such as 
alkyl- and aryl-phosphines, isocyanides or carbon monoxide [44-46]. The 
synthesis of many rhenium(III) complexes usually employs trans-[ReOCl3(PPh3)2] 
as
 
a starting material, and a phoshine ligand as a reducing agent to facilitate the 
removal of the oxygen from the metal through formation of the phosphine oxide 
[47]. 
 
Amongst the numerous examples of seven-coordinate rhenium(III) complexes are 
the compounds [Re(terpy)2X]Y2 (X = OH, Cl, NCS; Y = PF6, SCN), which were 
obtained from the reaction of 2,2’:6,6”-terpyridine (terpy) with [ReO2(py)4]+ [48]. 
The seven coordinate complex [ReIII(dhp)2X] (X = I-, ReO4-) was recently isolated 
from the reaction of 2,6-bis(2-hydroxyphenyliminomethyl)pyridine (H2dhp) and cis-
[ReO2I(PPh3)2] in ethanol under nitrogen [49]. This reduction/substitution route of 
the oxorhenium(V) has also been observed in the synthesis of the five-coordinate 
complex [ReIII(PPh3)2(mbm)3]. The latter complex was isolated from the reaction of 
trans-[ReOCl3(PPh3)2] and p-methoxybenzyl-mercaptan (Hmbm) [50].  
 
However, the most convenient route for the preparation of rhenium(III) complexes 
is by ligand substitution reactions of trans-[ReX3(MeCN)(PPh3)2] (X = CI, Br) [51]. 
The preparation of neutral rhenium(III) bipyridine complexes of the type 
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[ReIIICI3(bpy)(PR3)] from [ReIVCI4(bpy)] or mer-[ReIIICl3(PR3)3] were also reported 
[52]. 
 
The chemistry of trans-[ReCl3(MeCN)(PPh3)2] has been extended to develop the 
technetium(III) analogue which appears to be a useful starting material for the 
synthesis of a wide variety of lower-valent technetium compounds [53].  
 
Another synthetic approach in the design of rhenium(III) complexes involves 
employing [ReIIICl3(benzil)(PPh3)]. The rich chemistry of [ReIIICl3(benzil)(PPh3)] 
has been known for about 40 years and the complex is a proven and convenient 
lead-in reagent in the medium oxidation state of rhenium coordination chemistry 
[14]. This is demonstrated by the access to a variety of rhenium(III) and 
rhenium(II) polypyridyl complexes under different reaction conditions from 
[ReIIICl3(benzil)(PPh3)] [54].  
 
 
1.3 Rhenium radiopharmaceuticals 
 
Radiopharmaceuticals are compounds containing a radionuclide which are used 
routinely in nuclear medicine for diagnostic and therapeutic treatment of various 
diseases. There is a great potential use of various metals in radiopharmaceutical 
preparations, provided the environment around the metal is properly designed. 
The current market-driven trend is for chelating agents not only to coordinate to 
the metal in a definite manner, but also to bear pendant biological anchor groups 
[55,56]. 
 
Studies on the therapeutic potential of various radionuclides suggested a number 
of ideal metal-based radionuclide alternatives, including 67Cu, 90Y, 105Rh, 109Pd, 
153Sm, 186Re and 188Re [57,58]. However, rhenium radionuclides have been 
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proposed to be suitable candidates for therapeutic treatment in nuclear medicine 
due to their favourable properties: 
 
i.  188Re is generated from188W/188Re generator. Such a generator with 0.5Ci 
of 188W has the potential to provide therapeutic treatments to several 
hundred patients over its 2-6 month life span [2]; 
ii. The isotopes 186/188Re are β-emitters which makes them capable of 
emitting high radiation doses to cancer tissue; 
iii. Rhenium shares a similar chemistry to its second row congener 
technetium; 
iv. 99Tc has been successfully applied as a diagnostic imaging tool in nuclear 
medicine. On this basis, therapeutic 186/188Re radiopharmaceuticals can 
be designed based on diagnostic 99Tc radiopharmaceuticals. 
v. The rather similar γ-emission energies of rhenium and technetium (186Re = 
137 keV; 188Re = 155 keV; 99Tc = 140 keV) makes it possible for 
rhenium radiopharmaceuticals to be monitored with the same gamma 
ray camera employed to monitor the biodistribution of 99Tc agents [59].  
 
1.3.1 Production and properties of the rhenium nuclides 
 
(a) Production of the rhenium nuclides 
 
The isotope 186Re is reactor-produced via the irradiation of 185Re with neutrons, 
and hence the product contains high concentrations of “carrier” 185Re [60]. On the 
other hand, 188Re can either be reactor-produced using 187Re as a target, or it can 
be generator-produced from 188W/188Re (188 WO42- → 188ReO4- + β). The 188Re 
radionuclide is separated from 188W via ion-exchange methods [1,61]. 
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(b) Properties of the rhenium radionuclide 
 
Rhenium, with an atomic number 75 and a relative atomic mass of 186.2, belongs 
to Group VII of the Periodic Table. Rhenium occurs naturally as a mixture of two 
non-radioactive isotopes, 185Re (37.40%) and 187Re (62.60%). The radioactive 
isotopes of interest in nuclear medicine are 186Re and 188Re; and their nuclear 
properties are given in Table 1.1: 
 
Table 1.1. Radioactive isotopes of 186Re and 188Re [1].  
 
Radionuclide 
 
Half-life (h) 
 
βmax (MeV) 
 
Tissue range (mm) 
 
Eγ (keV) 
186Re 90 1.07 5 137 
188Re 17 2.10 11 155 
  
For a β-emitting radionuclide to be therapeutically useful, a half-life of between 
12h and 5 days is preferred [60] (Table 1.1). The tissue penetration of 5mm for 
186Re makes it ideal for the treatment of small tumours, whereas the greater 
11mm range of 188Re is more appropriate for larger lumps. The half-lives are long 
enough to prolong the treatment period, and the β–emission energies are 
significantly high enough to deliver a radiation dose. 
 
1.3.2 Rhenium complexes applied in nuclear medicine 
 
Current activity in the study of rhenium coordination chemistry has increased 
drastically during the last two decades due to the successful diagnostic 
applications of technetium radiopharmaceuticals [62-64]. 
 
The biodistribution and targeting ability of a compound are determined by a 
number of factors, such as the oxidation state of the metal, as well as the charge,  
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polarity and lipophilicity of the complex. For effective biodistribution, the rhenium 
nuclide must be “carried” to the target site. The three current modes of 
transportation are [65]:  
 
i. as perrhenate (ReO4-) - the most stable, water-soluble rhenium oxide in the 
+VII oxidation state; 
ii. as a rhenium complex, where neutral, cationic or anionic complexes with 
oxidation states –I to +VII are possible; 
iii. as rhenium in any form, attached to or entrapped in particles and 
macromolecules, like antibody molecules, colloids or liposomes. 
 
Initially, the design of the rhenium radiopharmaceuticals were based on their 
already existing technetium counterparts. The 99Tc imaging agents have been well 
developed, such as Cardiolite (heart imaging), Neurolite (brain imaging), 99Tc-MDP 
(skeletal imaging), 99Tc-HIDA (liver imaging), etc. but to date Re-HEDP (ethane-1-
hydroxy-1,1-diphosphonate)  is the only rhenium radiopharmaceutical that is used 
in clinical activities [1]. 
 
The Re-HEDP complex is a safe and effective agent for palliative treatment of 
bone pain in terminally ill patients with metastatic bone cancer [60]. The 99Tc-
diphosphonate agent is widely used for skeletal imaging.  
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Figure 1.6. Structure of ethane-1-hydroxy-1,1-diphosphonate (HEDP). 
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The most prominent developments in the field of rhenium radiopharmaceutical 
design are: 
 
(i)  Re-DMSA 
 
The rhenium(V) complex  of dimercaptosuccinic acid [DMSA (Figure 1.7)] is used 
as an agent for the treatment of a relatively rare medullary thyroid carcinoma. The 
Re-DMSA complex shows selective uptake in tumour tissue analogous to that of 
its technetium counterpart, and offers a possibility for therapeutic treatment of this 
disease [66]. 
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Figure 1.7. Structure of Re(V)-DMSA. 
 (ii) Re-MAG3 
 
The mercaptoacetyltriglycine (MAG3) technetium system, which forms a square 
pyramidal oxo complex, is widely used as an imaging agent for renal function [1]. 
The system has been adapted by the attachment of an activated ester group via 
an amide group (Figure 1.8) to permit conjugation to antibodies. Conjugation of 
186Re to a murine antibody for adenocarcinomas using this technology gave 
promising results in animals [1].  
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Figure 1.8. Structure of mercaptoacetyltriglycine (MAG3). 
 
(iii) Rhenium-containing steroids 
 
Rhenium radiopharmaceuticals have been designed for various cancer tumours 
by labelling the radionuclide to steroids. This is illustrated by the attachment of a 
rhenium cyclopentadienyltricarbonyl unit to the 17 position of the estradiol 
derivative as shown in (Figure 1.9) [1,67].  
 
ClH2C
OH
HO
Re(CO)3
 
 
Figure 1.9. Structure of steroid labelled with rhenium cyclopentadienyltricarbonyl 
unit. 
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1.3.3 Rhenium-based catalysts 
 
Methyltrioxorhenium (MTO, CH3ReO3) is by far the most active and easily 
accessible organometallic oxide [3]. It is prepared from dirhenium heptaoxide and 
trimethyltin. MTO is a proven and efficient catalyst precursor due to its exceptional 
catalyst qualities: it may be conveniently purified by vacuum sublimation, is stable 
far above its melting point (m.p. 106°C), and dissolves in all organic solvents and 
water without decomposition.  
 
Methyltrioxorhenium as catalyst for olefin metathesis 
 
It was found that MTO and its derivatives (RReO3, R = alkyl, aryl) on acid metal 
oxide supports, form metathesis catalysts that are active without additives even for 
functionalized olefins [68].   
 
The standard system MTO/Al2O3-SiO2 catalyzes the self-metathesis of allyl 
halides, ethers, silanes, and unsaturated carboxylates and nitriles, as well as the 
ethenolysis of olefins with internal double bonds. It is also active for metathesis of 
simple open-chain and cyclic olefins. MTO/Al2O3-SiO2  usually  operates at room 
temperature, for example, the equilibrium in the metathesis of 1- and 2-hexene is 
established within minutes at 25°C.   
 
Metathesis studies revealed the following regarding the nature and mechanism of 
MTO/Al2O3-SiO2 [3]: 
 
(i) The rhenium(VII) oxidation state is largely maintained on impregnation of the 
oxide support, and  only a very small portion of the reduced species rhenium(VI) 
and rhenium(V) might be catalytically relevant. 
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(ii) MTO loses a maximum of 5% of the organic groups as methane and ethane on 
the preparation of MTO/Al2O3-SiO2 due to degradation of methyl groups. This is 
confirmed by the participation of metal-coordinated CD3 groups in alkene 
metathesis in the presence of CD3ReO3 as a precursor.   
 
(iii) Free MTO cannot be separated from the carrier even under vacuum at 
temperatures up to 150 °C. At higher temperatures decomposition accompanied 
by predominantly methane and ethylene evolution is observed.      
 
MTO is also suitable for use in homogeneous catalyst systems for alkenes that 
have no functional groups. Thus, the system MTO/RnAlCl3  (R = CH3, C2H5; n = 1, 
2) is efficient for ring-opening polymerization and  the metathesis of  2-pentene at 
room temperature. 
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Chapter 2 
 
Experimental 
  
 
2.1 Handling of rhenium 
 
The silvery-white metal rhenium occurs naturally as a mixture of two non-
radioactive isotopes: the stable 185Re (37.40%) and the unstable 187Re (62.60%). 
The radioactive isotopes, 186Re and 188Re, are generated from the non-radioactive 
isotopes 185Re and 187Re respectively. Since the non-radioactive isotopes were 
used in this study, no special safety precautions were taken in the handling of the 
metal. 
 
2.2 Materials 
 
2.2.1 Chemicals 
 
Ammonium perrhenate (NH4)[ReO4] and 2,2’-dipyridylamine were obtained  
commercially from Sigma-Aldrich and required no further purification. All common 
laboratory chemicals were of reagent grade and were used as received from the 
suppliers. Solvents were purified by using standard techniques and drying 
methods [1].  
 
2.2.2 Precursor compounds 
 
(a) trans-[ReOCl3(PPh3)2] 
 
The method obtained from the literature was adapted as follows: a solution of 
perrhenic acid was prepared by dissolving ammonium perrhenate (1.0 g, 37 mmol) 
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in 3 mL of concentrated HCI. This solution was added to a suspension of 
triphenylphosphine (5g, 19.06 mmol) in 50 mL of glacial acetic acid under 
nitrogen. The formed green solid was removed by vacuum filtration. It was washed 
with glacial acetic acid and diethyl ether [2]. Yield = 95%, m.p. 251 °C.  Anal. 
Calcd. for C36H30P2OCI3Re (%): C, 51.90; H, 3.63; CI, 12.92. Found: C, 51.92; H, 
3.61; CI, 12.87. 
 
(b) trans-[ReCl3(MeCN)(PPh3)2] 
 
A mixture of trans-[ReOCl3(PPh3)2] (5.0 g, 6.0 mmol), triphenylphosphine (5.0 g, 
19.0 mmol), acetonitrile (35 mL) and toluene (40 mL) was stirred for 2 h at reflux 
under nitrogen. After an hour an orange solid was formed which, upon cooling to 
room temperature, was collected through vacuum filtration, and was washed with 
100 mL of ethanol. Yield = 87%, m.p. 289-295 °C. Anal. Calcd. for C38H32P2CI3Re 
(%): C, 53.2; H, 3.9; N, 1.6. Found: C, 53.1; H, 3.8; N, 1.6.  
 
(c) [ReCl3(benzil)(PPh3)] 
 
trans-[ReCl3(MeCN)(PPh3)2] (1.0 g, 116 µmol) and benzil (1.0 g, 476 µmol) were 
heated in benzene (50 mL) at reflux for 30 min. The dark purple solid which 
separated upon cooling was recrystallised from a 1:1 dichloromethane/benzene 
mixture.  Yield = 51%, m.p. 303-310 °C. Anal. Calcd. for C32H25P3OCI3Re (%): C, 
51.90; H, 3.63. Found: C, 50.2; H, 3.3.  
 
2.2.3 Syntheses of the ligands 
 
(a) 2-[((2-pyridinylmethyl)amino)methyl]phenol (Hham) 
This ligand was prepared from a literature method [4]. 2-Aminomethylpyridine 
(6.3542 g, 58.76 mmol), dissolved in absolute ethanol (10 mL), was added to a 
solution of salicylaldehyde (7.1856 g, 58.62 mmol) in the same solvent, and the 
resulting dark yellow solution was stirred at room temperature for ca. 30 min. A 
solution of sodium borohydride (1.0975 g, 28.98 mmol) in water (40 mL), 
containing sodium hydroxide (0.3576 g, 8.94 mmol), was added dropwise with 
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constant stirring at room temperature over ca. 15 min. The yellow colour of the 
Schiff-base disappeared in ca. 10 min, and the resulting colourless solution was 
stirred for an additional hour. It was concentrated under reduced pressure and the 
residue was extracted with chloroform (5 x 40 mL). The chloroform extracts were 
dried over anhydrous sodium sulfate and the solvent was removed under reduced 
pressure to give an oily mass. Petroleum ether (40 - 60°C) (40 mL) was added to 
the oily residue which, on keeping in a refrigerator for a week, solidified to give a 
colourless crystalline compound. It was filtered off, washed with petroleum ether (3 
x 10 mL) and recrystallised from hot methanol.  The ligand is soluble in chlorinated 
solvents, alcohols, acetone and insoluble in diethyl ether (refer to Figure 2.1). 
Yield = 58%; m.p. 63-64 °C. Anal. Calcd for C13H14N2O (%): C, 72.87; H, 6.59; N, 
13.07. Found: C, 72.64; H, 6.89; N, 13.39.  Infrared (cm-1): v(O-H) 3553 (br); v(N-
H) 3266 (s); δ(Ph) 776 (s);  δ(py) 1568 (s) (see Figure 2.2). 1H NMR (CDCl3): 8.52 
(d, 1H, H1); 7.59 (1H, t, H3); 7.28(1H, bs, NH) 7.18 (3H, m, H2, H4, H7); 6.92 (1H, 
d, H9); 6.83 (1H, d, H10); 6.75 (1H, t, H8); 3.93 (2H, s, H6); 3.88 (2H, s, H5) (refer to 
Figure 2.3).   
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Figure 2.1. Structure of Hham. 
(b) N,N-bis((2-hydroxybenzyl)-2-aminoethyl)dimethylamine (H2had)  
 
The ligand H2had was synthesised from the double condensation reaction of 
salicylaldehyde with N,N-dimethylethylenediamine. The resulting Schiff-base was 
then reduced by NaBH4 in absolute ethanol (Scheme 2.1). Yield = 58 %, m.p. 168-
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170 °C. Anal. Calcd for C18H24N2O2 (%): C, 71.97; H, 8.05; N, 9.33. Found: C, 
71.64; H, 6.89; N, 9.19. Infrared (cm-1): v(O-H) 3414 (br); δ(Ph) 766 (s). 1H NMR 
(CDCl3): 7.16 (t, 2H, H10, H10’); 7.09 (d, 4H, H8, H8’); 6.78 (t, 2H, H9, H9’); 6.89 (d, 
2H, H11, H11’); 3.69 (s, 4H, H7, H7’); 2.58 (s, 4H, H1, H2); 2.23 (s, 6H, N-CH3) (see 
Figure 2.4). 
 
 
 
 
Figure 2.2. The IR spectrum of Hham. 
 
 
 
Figure 2.3. The 1H NMR spectrum of Hham. 
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(c) N,N-bis(2-hydroxybenzyl)-amino-methylpyridine (H2hap) 
 
H2hap was  synthesised as a white solid from a procedure similar to that employed 
for H2hap by replacing N,N-dimethylethylenediamine with 2-aminomethylpyridine 
(Scheme 2.1).  Anal. Calcd for C20H20N2O2 (%): C, 74.95; H, 6.29; N, 9.98. Found: 
C, 74.19; H, 6.27; N, 9.50. Yield = 54%, m.p. 115-117 °C. Infrared (cm-1): v(O-H) 
3450 (br); δ(Ph) 749 (s). 1H NMR (DMSO-d6): 8.58 (1H, d, H3); 7.77 (1H, t, H5); 
7.30 (1H, d, H6); 7.19 (3H, m, H4, H10); 7.10 (2H, d, H8, H8’); 7.05 (1H, t, H9, H9’); 
6.73 (2H, d, H11, H11’); 3.65 (2H, s, H7); 3.68 (2H, s, H2). 
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Scheme 2.1. Synthesis of H2had and H2hap. 
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Figure 2.4. The 1H NMR spectrum of H2had. 
 
(d) (E)-N’-(1-(2-hydroxyphenyl)ethylidene)benzohydrazide (Hhaep) 
 
The literature procedure for the synthesis of this ligand was modified as follows: a 
solution of 2-hydroxyacetophenone (2.0024 g, 14.70 mmol) and benzohydrazide 
(2.0540 g, 15.09 mmol) in methanol (50 mL) was stirred at reflux for 2 hours. Upon 
cooling the colourless solution to room temperature, off-white crystals separated 
which were filtered off, washed with methanol, and dried under vacuum (Figure 
2.5). Yield = 87 %, m.p. 115-125°C. Anal. Calcd for C15H14N2O2 (%): C, 70.88; H, 
5.55; N, 11.01. Found: C, 71.30; H, 5.66; N, 11.02. Infrared (cm-1): v(O-H) 3414 
(br); v(C=O) 1651(m); v(C=N) 1607(s); δ(Ph) 753 (s). 1H NMR (DMSO-d6): 13.39 
(s, NH); 11.38 (s, OH); 7.95 (d, 2H, H5, H9); 7.64 (4H, m, H1, H6, H7, H8); 7.23 (1H, 
t, H3); 6.8 (2H, t, H2, H4); 2.45 (3H, s, CH3) (see Figure 2.6). 
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Figure 2.5. The structure of Hhaep. 
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Figure 2.6. The 1H NMR spectrum of Hhaep. 
 
 
2.3 Instrumentation 
 
2.3.1 Infrared 
 
The infrared spectra were recorded on a Nicolet 20 DXC FTIR spectrophotometer 
in the 4000-200 cm-1 range in KBr pellets. 
 
2.3.2 1H NMR 
 
All spectra were obtained at 300K using a 300 MHz Bruker AMX-300 spectrometer 
with chemical shifts relative to SiMe4. 
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2.3.3 Electronic spectra 
 
Optical spectra were obtained by employing a Shimadzu UV-3100 and Perkin-
Elmer 330 spectrophotometers. The extinction coefficients (ε) are given in dm-3 
mol-1 cm-1. 
 
2.3.4 Elemental analysis 
 
The elemental analyses for carbon, hydrogen and nitrogen were carried out by the 
Department of Chemistry at the University of the Western Cape in Cape Town. 
 
2.3.5 Melting point 
 
Melting points were determined using an Electrothermal 1A9100 melting point 
apparatus.  
 
2.3.6 Crystallography 
 
A Nicolet-Siemens R3m/V and a Nonius Kappa CCD diffractometer in the 
convetional ω-2Θ scan mode with graphite-monochromated Mo K
α
 radiation (λ = 
0.71073 Å) were used for the crystal structure analysis. 
 
2.3.7 Conductivity 
 
These measurements (in units ohm-1cm2mol-1) were carried out in a variety of 
solvents at 293K on a Phillps PW 9509 digital conductometer.  
 
2.3.8 Computational studies 
 
The Spartan V1.03 program was used in the computational modeling status. The 
geometry optimization of all complexes was computed via semi-empirical (PM3) 
and ab-initio Density Functional Theory (DFT) methods [6].  
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Chapter 3 
The unexpected cleavage of the hydrazone 
Schiff-base ligand N’-(1-(2-
hydroxyphenyl)ethylidene)benzohydrazide 
 
 
3.1 Introduction 
 
Schiff-bases constitute one of the most studied classes of ligands in the 
coordination chemistry of transition metals, and their metal complexes have been 
of great interest for many decades [1-2]. Their ease of synthesis (by condensation 
of an aldehyde/ketone with an amine), multidenticity (from mono to hexadentate), 
combination of donor atoms (coordination usually through the imine nitrogen and 
other atoms like nitrogen, oxygen or sulfur) and stability have made Schiff-bases 
the preferred ligand system for metals for use as radiopharmaceuticals, catalysis, 
molecular ferromagnets, liquid crystals and as model systems for biological 
macromolecules [3-7]. 
 
Hydrazone ligands have similarities in their donor properties with symmetrical 
salen (condensation product of salicylaldehyde and 1,2-diaminoethane) type 
ligands. Due to the short N-N bond length, benzoyl hydrazone ligands act mostly 
as tridentate moieties though they have the potential to act as bridging 
tetradentate chelates. In analytical chemistry hydrazones find wide application as 
electron binders [8,9]. Studies have shown that the azomethine group, having a 
lone pair of electrons in either a π or sp2 hybridized orbital on a trigonally 
hybridized nitrogen, has considerable biological importance [10]. 
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Aroylhydrazone complexes of transition metal ions are known to provide useful 
models for the elucidation of enzyme inhibition mechanisms by hydrazine 
derivatives and for their possible pharmacological applications [11,12].  Hydrazone 
complexes have been the subject of studies for many years due to their anti-
microbial and anti-tumour activities [13-15]. It is especially the benzoylhydrazone 
complexes of copper, vanadium, ruthenium and manganese that have been 
extensively studied [16-19]. 
 
The various coordination modes of the hydrazone ligand N’-(1-(2-
hydroxyphenyl)ethylidene)benzohydrazide (Hhaep) are shown in Scheme 3.1.  
 
This chapter focuses on the synthesis of oxorhenium(V) complexes with the 
tridentate hydrazone Schiff-base chelate obtained from the condensation of 
salicylaldehyde and benzoylhydrazide (Hhaep). The crystal structure of Hhaep 
and the structures of the oxorhenium(V) complexes obtained from the reactions of 
Hhaep with [ReCl3(benzil)(PPh3)]  and  trans-[ReOCl3(PPh3)2] are reported.  
 
O
H
N
N
OH
CH3
O
H
N
N
O-
CH3
OH
N
O-
CH3
N
-H
O-
N
O-
CH3
N
-H
 
 
Scheme 3.1. Coordination modes of Hhaep. 
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In both reactions the Hhaep molecule cleaves to give different coordinated 
bidentate NO-donor chelates coordinated to the rhenium(V) centers.  The reaction 
of Hhaep with [ReCl3(benzil)(PPh3)] in ethanol produced the neutral complex cis-
[ReOCl2(mep)] [Hmep = 2-(1-iminoethyl)phenol] in which the ligand is present as a 
bidentate, monoanionic Schiff-base. Upon changing the starting material to trans-
[ReOCl3(PPh3)2], the neutral complex cis-[ReOCI2(meb)(PPh3)] [Hmeb = N’-
(propan-2-ylidene)benzohydrazide] was found, in which the bidentate monoanionic  
hydrazone Schiff-base is coordinated to the metal through the enolate oxygen and 
imino nitrogen (Figure 3.1).  
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Figure 3.1. Decomposition of Hhaep and subsequent tautomerism of Hmeb. 
 
3.2 Experimental 
 
The ligand Hhaep was synthesized by a literature method as described in Chapter 
2. 
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3.2.1 Syntheses of the complexes 
 
cis-[ReOCI2(mep)(PPh3)] (1) 
 
The ligand H2haep (0.0678 g, 267 µmol), dissolved in 8 cm3 ethanol, was added to 
a stirred suspension of 0.1030 g (134 µmol) of [ReCl3(benzil)(PPh3)] in 7 mL of 
ethanol. The dark purple mixture was stirred at reflux under nitrogen for 4 hours. 
During this time the reaction mixture turned green and, upon cooling to room 
temperature, a green precipitate was removed by filtration. Recrystallization from a 
2:1 mixture of dichloromethane:ethanol gave green crystals suitable for X-ray 
diffraction studies. Yield = 68%. Anal. Found for C26H23Cl2NO2Re (%): C, 46.81; H, 
3.47; N, 2.07. Calc (%): C, 46.64; H, 3.46; N, 2.09. Infrared (cm-1): v(Re=O) 
956(s); v(C=N) 1602(s); v(Re-N) 526(m); v(Re-O) 494(m). 1H NMR (DMSO-d6): 
13.39 (br, s, NH); 7.56 (t, 15H, PPh3); 7.51 (t, 1H, H3); 7.26 (d, 1H, H5); 6.95 (t, 1H, 
H4); 6.68 (d, 1H, H2); 2.63 (s, 3H, CH3) (see Figure 3.2). Electronic spectrum 
(CH2CI2) [λmax, nm/ε, M-1 cm-1): 338 (14990); 433 (1380); 561(800). Conductivity 
(10-3 M, DMF): 40 ohm-1 mol-1 cm2. 
 
cis-[ReOCI2(meb)(PPh3)] (2) 
 
Hhaep (579 mg, 228 µmol) was added to a solution of trans-[ReOCl3(PPh3)2] (100 
mg, 120 µmol) in  15 mL  of acetone and the mixture was stirred at reflux for 3 
hours. The colour of the reaction mixture turned green and, after cooling to room 
temperature, the solution was filtered and left to evaporate slowly at room 
temperature. After two days green X-ray quality crystals were collected by 
filtration. Yield = 70%. Anal. Found for C28H26Cl2N2O2Re (%): C, 47.30; H, 3.67; N, 
3.90. Calc (%): C, 47.33; H, 3.69; N, 3.94. Infrared (cm-1): v(Re=O) 979(s); v(C=N) 
1599(s); v(Re-N) 527(m); v(Re-O) 498(m) (refer to Figure 3.3). Electronic 
spectrum (CH2CI2) [λmax, nm/ε, M-1 cm-1):  324 (12850); 458 (510); 673 (1640). 
Conductivity (10-3 M, DMF): 44 ohm-1 mol-1 cm2. 
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Figure 3.2.  The 1H NMR spectrum of 1. 
 
 
 
 
 
 
 
Figure 3.3.  The IR spectrum of 2. 
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3.2.2  Crystallography 
 
Diffraction data for Hhaep, and complexes 1 and 2 were collected on a Nonius 
Kappa CCD diffractometer with graphite-monochromated Mo Kα radiation 
(λ=0.71073 Å). The structures were solved by direct methods and were refined by 
full-matrix least-squares procedures using SHELXL-97 [18]. All non-hydrogen 
atoms were refined anisotropically. Details of the crystal data, intensity 
measurements and data processing are summarized in Tables 3.1 and 3.2, with 
selected bond lengths and angles given in Tables 3.3-3.5 for Hhaep, 1 and 2. 
 
3.3 Results and discussion 
 
3.3.1  Crystal structures   
 
Representations of the X-ray crystal structures of Hhaep and complexes 1 and 2 
are shown in Figures 3.4-3.7. The crystal structure of the ligand confirms the 
proposed structure of Hhaep. Hhaep was found to crystallize in the monoclinic 
crystal system from a single crystal analysis. The structure shows the expected 
trans C=N-N-C conformation, and hydrogen-bonding from the phenolic OH to the 
azomethine nitrogen atom with the phenyl rings being in plane with the central 
hydrazone moiety. The intraligand bond distances illustrate π-delocalization in the 
phenyl rings with average C=C bond distances of 1.379(3) Å. The C(1)-O(1) and 
C(9)-N(2) double bonds are confirmed by bond lengths of 1.231(2) Å and 1.293(2) 
Å respectively, with the N(1)-C(1)-C(2) and N(2)-C(9)-C(8) bond angles equal to 
115.33(2)° and 124.16(2)° respectively. The intramolecular hydrogen-bonding in 
the ligand (Figure 3.5, Table 3.4) provides additional stabilization to Hhaep. 
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Figure 3.4.  An ORTEP view
 
of Hhaep showing the atom-labeling scheme.  
Thermal ellipsoids are drawn at the 50% probability level. 
 
 
 
 
Figure 3.5.  Mercury plot of Hhaep showing the intramolecular hydrogen-bonding. 
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Both complexes exhibit distorted octahedral geometries around the central 
rhenium(V) ion. In cis-[ReOCI2(mep)(PPh3)] (1) the structure shows that the ligand 
coordinates to the metal as a monoanionic, bidentate NO-donor chelate, i.e. 
through the neutral imino nitrogen and the deprotonated phenolate oxygen. The 
equatorial plane is defined by the phosphorus atom P(1) of the triphenylphoshine 
group, the two chlorides CI(1) and CI(2), and the neutral imino nitrogen of Hhaep.  
The oxo group O(2) and the phenolate oxygen atom O(1) are in trans axial 
positions. Distortion from an ideal rhenium-centered octahedron mainly results in a 
non-linear O(2)=Re(1)-O(1) axis of 167.00(9)°, accomplished by Cl(1)-Re(1)-P(1) 
and Cl(2)-Re(1)-N(1) angles of 175.45(2)° and 168.79(6)° respectively. The metal 
is shifted out of the Cl2PN plane by 0.143 Å towards O(2), which is the result of the 
non-orthogonal angles O(2)-Re(1)-Cl(1) = 97.83(6)°, and O(2)-Re(1)-P(1) = 
86.70(6)°, O(2)-Re(1)-N(1) = 90.3(1)° and O(2)-Re(1)-Cl(2) = 100.26(8)°.   
 
 
 
Figure 3.6.  An ORTEP drawing
 
of the structural unit of 1 showing the atom-
numbering scheme. 
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The Re(1)=O(2) bond length of 1.688(2) Å is within the range expected with a 
phenolate oxygen trans to the oxo group [21-23]. The Re(1)-O(1) bond length of 
1.942(2) Å is shorter than the expected length of a Re-oxo single bond (2.04 Å) 
[24]. The Re(1)-Cl(1) bond length is significantly longer than Re(1)-Cl(2) one, due 
to the larger trans effect of the P(1) atom compared to the imino nitrogen N(1). 
Upon coordination of mep to the metal, the C(7)-N(1) imino bond shortens 
compared to the free ligand [1.288(4) Å vs 1.293(2) Å], but is in the expected 
region of a C-N double bond [25]. The N(1)-C(7)-C(6) bond angle of 121.6(3)° 
supports the sp2 hybridization of the Cimino. The N(1)-Re-O(1) bite angle of 
80.62(9)° falls within the range expected for similar NO-donor ligands [26]. The 
average C-C bond distance of 1.389(5) Å in the phenyl ring of mep is indicative of 
the delocalization of π electron density in the aromatic system of the ligand. The 
latter was also observed in the free ligand. 
 
In the complex cis-[ReOCI2(meb)(PPh3)] (2) the equatorial plane is defined by the 
two cis chlorides CI(1) and CI(2), the neutral imino nitrogen N(1) and the 
phosphorous atom P(1) of the triphenylphoshine group. The oxo group O(2) and 
the enolate-oxygen O(1) are in trans axial positions. The Re(1)-O(1) bond length 
of 2.023(2) Å is within the range expected for Re-O single bonds trans to the oxo 
group for six-coordinate rhenium(V) complexes. Distances of between 1.92-2.09 Å 
for Re-O single bonds trans to the oxo group have been reported [27,28]. The two 
double bonds in meb are C(1)-N(2) = 1.303(4) Å and C(8)-N(1) = 1.313(5) Å, 
which are confirmed by the following bond angles: O(1)-C(1)-N(2) = 122.0(3)°, 
N(1)-C(8)-C(9) and N(1)-C(8)-C(10) bond angles of 121.4(3)° and 121.7(3)°, 
respectively. These bond angles are close to 120° and are indicative of the sp2 
hybridization of the C(1) and C(8) atoms. The corresponding bond distances 
confirm that meb coordinates to the metal in the enolate form (Figure 3.1). 
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Figure 3.7.  An ORTEP view of 2. 
 
 
3.3.2  Synthesis and spectral characterization 
 
The condensation reaction of benzoylhydrazide with salicylaldehyde in methanol 
produced the desired tridentate Schiff-base ligand in high yield and purity. In both 
reactions the Hhaep molecule decomposed to give different coordinated bidentate 
NO-donor chelates coordinated to the rhenium(V) centres. The reaction of Hhaep 
with [ReCl3(benzil)(PPh3)] and trans-[ReOCl3(PPh3)2] as starting materials in 
ethanol and acetone, respectively, produced the neutral six-coordinate 
monooxorhenium(V) complexes cis-[ReOCI2(mep)(PPh3)] (1) and cis-
[ReOCI2(meb)(PPh3)] (2) under different reaction conditions.  Recrystallisation 
from a dichloromethane/ethanol (2:1) mixture for 1 gave green crystals that were 
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suitable for X-ray studies. In 1 oxidation of the rhenium(IIl) metal centre to 
rhenium(V) readily occurs in the presence of air. Complex 2 was obtained by the 
slow evaporation of the mother liquor.  
 
The IR spectrum of Hhaep shows that the hydrazone entity contains a strong C=O 
absorption band at 1651 cm-1, and a N-H  peak at 3215 cm-1. The very strong 
absorption band located at 1607 cm-1 is assigned to the C=N stretching frequency 
of the azomethine group of the ligand. Deprotonation of the phenolic OH group is 
illustrated by the absence of a band in the region 3200-3500 cm-1.  
 
The infrared spectrum of 1 displays  a Re=O stretching frequency at 956 cm-1, 
which falls in the region of 945-968 cm-1 for neutral six-coordinate 
monooxorhenium(V) complexes having an anionic phenolate oxygen coordinated 
trans to the oxo group [29,30]. The infrared spectrum of 2 displays the Re=O 
stretching frequency  at 979 cm-1  which is in the expected region (960-980 cm-1) 
for similar octahedral oxorhenium(V) compounds [31]. The absence of the 
characteristic IR bands associated with N-H and C=O bonds of the amide 
functionality in 2 confirms that the ligand has coordinated to the metal in the 
enolate form. The Re-N and Re-O stretches appear at 527 cm-1 and 498 cm-1 
respectively.  
 
The 1H NMR of Hhaep in DMSO-d6 confirms the proposed structure of the ligand. 
The broad signal at 13.39 ppm is assigned to the N-H group, and the broad peak 
centered at 11.30 ppm is assigned to the aromatic OH group. The aromatic 
protons of the two phenyl rings of Hhaep give rise to a set of doublet-multiplet-
triplet-triplet signals in the range 6.80-7.95 ppm. In 1, the broad singlet far 
downfield at 13.39 ppm is attributed to the imino proton. A fifteen proton multiplet 
in the range 7.5-7.7 ppm is indicative of the presence of the triphenylphoshine 
group.  The phenyl ring of mep gives rise to a set of triplet-doublet-triplet-doublet 
signals in the range 7.5-6.95 ppm.  The 1H NMR spectrum of 2 was run in the 
Chapter 3 48 
 
 
N.C. Yumata Nelson Mandela Metropolitan University 
extremely polar solvent DMSO-d6 because of its poor solubility in chloroform. This 
resulted in a poor spectrum and assignment of the peaks had to be approached 
with caution. It follows that the broad singlet centred at 8.10 ppm illustrates the 
presence of the PPh3 group with the aromatic protons of the phenyl ring being 
hidden under this peak. The six-proton singlet centered at 2.65 ppm is attributable 
to the two magnetically equivalent methyl groups. 
 
The green colour of complexes 1 and 2 leads to intense absorptions in the visible 
region of their electronic spectra. The electronic spectra of these rhenium(V) 
complexes are very similar, and typical of complexes containing oxo, nitrogen-
donor and chloride ligands [32]. The spectra are dominated by an intense 
absorption (around 300 nm) due to the π→π* transition of the aromatic rings in 
mep and meb.  For 1, the absorption maxima of the ligand-to-metal charge 
transfer band (at 433 nm) is shifted to higher energy than for 2 (at 458 nm). Two 
very broad d-d transition bands are observed at 567 and 673 nm for 1 and 2 
respectively. 
 
Both complexes are diamagnetic (d2) and non-electrolytes in (DMF); conductivity 
readings between 65 and 90 ohm-1 cm2 mol-1 are consistent with 1:1 electrolytes in 
DMF [33]. Complexes 1 and 2 are soluble in a wide range of polar solvents. 
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Table 3.1. Crystal and structure refinement data for Hhaep. 
  
Chemical formula 
Formula weight 
Temperature 
Crystal system 
Space group 
a (Å) 
b (Å) 
c (Å) 
β (°) 
Volume (Å3) 
Z 
Density (calc.,mg.cm-3) 
F(000) 
Crystal size (mm) 
θ range for data collection (°) 
Index ranges 
 
 
Observed data [I>2σ(I)] 
Parameters 
Final R indices: R 
                        wR2 
Largest diff. peak/hole (e.Å-3)   
C15H14N2O2 
254.28 
200 
monoclinic 
P21/n 
4.8932(3)  
12.3745(7) 
20.9327(12) 
91.503(6) 
1267.06(13) 
4 
1.333 
536 
0.05 x 0.11 x 0.22 
4.23-26.32 
-6≤h≤4 
-15≤k≤13 
-20≤ℓ≤26 
1174 
174 
0.0379 
0.0682 
0.21/-0.18 
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Table 3.2. Crystal and structure refinement data for 1 and 2.  
 1 2 
Chemical formula 
Formula weight 
Temperature 
Crystal system 
Space group 
a (Å) 
b (Å) 
c (Å) 
β (°) 
Volume (Å3) 
Z 
Density (calc.,mg.cm-3) 
F(000) 
Crystal size (mm) 
θ range for data collection (°) 
Index ranges 
 
 
 
 
Observed data [I>2σ(I)] 
Parameters 
Goodness on F2 
Final R indices: R 
                        wR2 
Largest diff. peak/hole (e.Å-3)   
C26H23Cl2NO2Re 
669.55 
200 
triclinic 
PĪ 
10.4098(1)  
11.0557(1) 
12.7680(1) 
83.1830(8) 
70.9492(7) 
63.3760(7) 
1241.02(2) 
2 
1.792 
652 
0.03 x 0.04 x 0.14 
3.2-27.5 
-13≤h≤13 
-14≤k≤14 
-16≤ℓ≤16 
5275 
299 
1.051 
0.0197 
0.0411 
1.27/-0.78 
C28H26Cl2N2O2Re 
710.604 
200 
monoclinic 
P21/n 
10.5768(2) 
18.4147(3) 
14.7304(3) 
90 
106.145(2) 
90 
2755.87(9) 
4 
1.713 
1392 
0.17 x 0.18 x 0.20 
4.2-26.3 
-12≤h≤13 
-21≤k≤22 
-18≤ℓ≤18 
4263 
327 
0.90 
0.0235 
0.0456 
0.99/-0.46 
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Table 3.4.  Hydrogen-bonding distances [Å] and angles [º] for Hhaep. 
D-H…A D-H H…A D…A DH…A 
N(1)H(1)…O(1) 
O(2)H(2)…N(2) 
C(7)H7…O(1) 
C(8)H(8)…N(1) 
0.88 
0.84 
0.95 
0.98 
2.91 
2.81 
2.58 
2.38 
2.899(2) 
2.541(2) 
3.367(2) 
2.811(2) 
136 
144 
141 
106 
 
 
 
 
 
 
 
Table 3.3.  Selected bond distances [Å] and angles [º] for Hhaep. 
 
 
Hhaep 
C(1)-O(1) 
N(1)-C(1) 
N(1)-N(2) 
N(2)-C(9) 
 
N(1)-N(2)-C(9)        
N(2)-N(1)-C(1)   
N(2)-C(9)-C(10)  
N(2)-C(9)-C(8)  
O(1)-C(1)-N(1)        
O(1)-C(1)-C(2)  
1.231(2) 
1.359(2) 
1.390(2) 
1.293(2) 
 
118.9(1) 
117.3(1) 
115.1(1) 
124.2(2) 
121.3(2) 
123.4(2) 
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Table 3.5.  Selected bond lengths [Å] and angles [º] for 1 and 2. 
1 
Re(1)-O(2) 
Re(1)-O(1) 
Re(1)-CI(1) 
Re(1)-CI(2) 
 
O(1)-Re(1)-O(2) 
CI(1)-Re(1)-O(2) 
CI(2)-Re(1)-O(2) 
N(1)-Re(1)-O(2) 
P(1)-Re(1)-O(2) 
CI(1)-Re(1)-CI(2) 
 
Re(1)-O(2) 
Re(1)-O(1) 
Re(1)-CI(1) 
Re(1)-CI(2) 
Re(1)-N(1)              
 
O(1)-Re(1)-O(2) 
CI(1)-Re(1)-O(2) 
CI(2)-Re(1)-O(2) 
N(1)-Re(1)-O(2) 
P(1)-Re(1)-O(2) 
CI(1)-Re(1)-CI(2) 
1.688(2) 
1.942(2) 
2.411(7) 
2.373(9) 
 
167.00(9) 
97.83(6) 
100.26(8) 
90.3(1) 
86.70(6) 
88.86(3) 
 
1.669(2) 
2.023(2) 
2.344(9) 
2.387(1)     
2.152(3) 
 
163.00(1) 
104.17(8) 
101.16(8) 
94.8(1) 
83.52(8) 
88.29(3) 
Re(1)-N(1) 
Re(1)-P(1) 
C(1)-O(1) 
N(1)-C(7) 
 
C(6)-C(7) 
CI(1)-Re(1)-P(1) 
CI(2)-Re(1)-N(1) 
O(1)-Re(1)-N(1) 
Re(1)-O(1)-C(1) 
Re(1)-N(1)-C(7) 
N-C(7)-C(6) 
Re(1)-P(1) 
C(1)-O(1) 
C(1)-N(2) 
N(1)-N(2) 
N(1)-C(8) 
 
CI(1)-Re(1)-N(1) 
CI(2)-Re(1)-P(1) 
O(1)-Re(1)-N(1) 
O(1)-C(1)-N(2) 
N(1)-C(8)-C(9) 
N(1)-C(8)-C(10) 
2.088(2 
2.466(6) 
1.344(3) 
1.288(4) 
 
1.461(4) 
175.45(2) 
168.79(6) 
80.62(9) 
137.18(2) 
134.47(2) 
121.6(3) 
2.463(9) 
1.317(4) 
1.303(4) 
1.403(4) 
1.313(5) 
 
160.86(8) 
174.88(3) 
73.8(1) 
122.0(3) 
121.4(3) 
121.7(3) 
 
 
 
 
2 
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Chapter 4 
 
Rhenium(III) complexes with potentially bidentate 
NN- and OO-donor chelates 
 
 
 
4.1 Introduction 
 
Transition metal complexes with polypyridyl ligands have received much attention 
for their potential applications in the fields of photo-initiated energy transfer and 
redox catalysis [1]. These ligand systems with rhenium(III) complexes have been 
reasonably well studied, and have been found to be suitable substrates for 
stabilizing the metal [2-8]. 
 
In a previous study we have investigated the structural and spectroscopic 
properties of rhenium(V) complexes formed with the polypyridyl ligand 2,2’-
dipyridylamine (dpa) [9]. Dpa, a tailored diimine, is an important chelate due to its 
ability to form hydrogen-bonded networks through the active amine, and to 
luminescence through π→π* transitions [10]. Thus, the advantage of the amine 
group in dpa over polypyridines like 2,2’-bipyridine and 1,10-phenanthroline 
without such tailoring can lead to the formation of superstructures [10]. The ability 
of dpa to coordinate as a bidentate chelate to transition metal ions is well 
established [9,11-13]. The two ring nitrogen atoms act as electron-pair donors in 
the most complexes, although some examples exist in which the bridging amino 
nitrogen has donor properties [14]. Furthermore, the ligand can bond to metals in 
both protonated and deprotonated forms [15]. 
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Dpa displays several possible bonding modes depending on the reaction 
conditions (Figure 4.1). In the bidentate mode of coordination, Figure 4.1(a), the 
nitrogen atoms of each pyridine ring are arranged in an anti-anti conformation, to 
allow bidentate chelation to a metal. This contrast with the anti-syn configuration 
found in the crystal structure of the free ligand [15], Figure 4.1(b), and is related to 
the anti-anti conformation by a rotation of 180° of one pyridine ring about the ring 
carbon to the aliphatic nitrogen bond. The only example of the dpa ligand in the 
anti-syn configuration is in [W(CO)5(dpa)] [15]. Rotation of the second pyridine ring 
in the anti-syn configuration by 180° about the C-Naliphatic bond gives a syn-syn 
conformation of nitrogen atoms for coordination to the metal ions, Figure 4.1(c), in 
which the pyridine rings involve a significant dihedral angle. Examples of this 
aligned configuration has been found in trinuclear complexes of copper(II) and 
nickel(II) [16,17]. 
 
 
N
H
N
N N
H
N NN
H
N N
anti-anti
     a
anti-syn
     b
syn-syn
     c
 
 
Figure 4.1. The three configurations of dpa. 
 
As an extension to these studies, we have investigated the reactivity of 2,2’-
dipyridylamine towards trans-[ReCI3(MeCN)(PPh3)2] - a useful precursor in the 
synthesis of rhenium(III) complexes [18-20]. Surprisingly the reaction led to the 
isolation of the dpa ligand and a six-coordinate mononuclear rhenium(III) complex 
fac-[ReCl3(dpa)(PPh3)] (1). The reaction of the potentially tridentate Schiff-base 
chelate 6-amino-3-methyl-1-phenyl-4-azahept-2-ene-1-one (Hamp; Figure 4.2) 
Chapter 4 58 
 
 
N.C. Yumata Nelson Mandela Metropolitan University 
obtained from the condensation of 1-benzoylacetone (bat) and 1,2-
diaminopropane, with trans-[ReCI3(MeCN)(PPh3)2] produced the complex cis- 
[ReCl2(bat)(PPh3)2]. 
 
In both procedures a twofold molar excess of the ligand with respect to the metal 
was used, and the syntheses of these complexes were carried out under a 
nitrogen atmosphere. In this chapter the syntheses and characterization of these 
compounds are discussed. 
 
 
CH3
N
O
CH3
NH2
H
 
 
Figure 4.2. The structure of Hamp. 
 
 
4.2 Experimental 
 
4.2.1 Materials 
   
2,2’-Dipyridylamine (dpa) was obtained commercially from Aldrich and was used 
without further purification after its purity was verified by 1H NMR and melting point  
(95 °C). The compound dpa.HCl.2H2O was obtained as a by-product in the 
reaction of dpa with trans-[ReCI3(MeCN)(PPh3)2] in acetonitrile, and its crystals 
were collected from the mother liquor of the reaction solution of complex 1 below. 
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4.2.2 Synthesis of Hamp 
 
The ligand Hamp was prepared as previously reported [21]. A solution of 1-
benzoylacetone (1.6202 g, 10 mmol) in 10 mL of chloroform was added dropwise 
to a solution of 1,2-diaminopropane (0.6879g, 10 mmol) in  15 mL of chloroform. 
After complete addition, the solution was stirred for an additional 3 hours and the 
chloroform was evaporated under reduced pressure, yielding Hamp as a viscous 
yellow liquid. 
 
 4.2.3 Syntheses of the complexes 
 
fac-[ReCl3(dpa)(PPh3)] (1) 
 
To a 200 mg (237 µmol) suspension of trans-[ReCI3(MeCN)(PPh3)2] in 6 mL of 
acetonitrile was added  811 mg (492 µmol) of dpa dissolved in 8 mL of acetonitrile 
under nitrogen. The reaction mixture was heated under reflux for 8 hours, cooled 
to room temperature, and a brown precipitate was removed by filtration and dried 
under vacuum. The mother liquor was left to evaporate slowly at room 
temperature. After 2 days dark brown crystals, suitable for X-ray diffraction 
studies, were collected by filtration. Yield = 62%. m.p. 217-225 °C. Anal Calc. for 
C28H24N3CI3PRe (%): C, 46.32; H, 3.33; N, 5.79. Found: C, 46.27; H, 3.29; N, 
5.76. Infrared (cm-1): v(N-H) 3234 (m); v(C=N) 1660, 1631(m); v(C=C) 1560 (m); 
v(Re-NH) 512 (s). 1H NMR (DMSO-d6): 8.38 (s, NH); 7.63-7.8 (m, 15H, PPh3); 
7.54 (d, 2H, H1, H6); 7.23 (t, 2H, H3, H8); 7.34 (d, 2H, H4, H9); 7.10 (t, 2H, H2, H7).  
Electronic spectrum (λmax, nm/ε, M-1cm-1): 257(14000); 315 (7820). Conductivity 
(10-3 M, DMF): 44 ohm-1cm-2mol-1. 
cis-[ReCl2(bat)(PPh3)2] (2) 
 
A mixture of trans-[ReCl3(MeCN)(PPh3)2] (200 mg, 237 µmol) and Hamp (120 mg, 
553 µmol) in 15 mL of acetonitrile was heated at reflux for 8 hours under nitrogen. 
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The maroon precipitate separated upon cooling, and was removed by filtration. 
Recrystallization from a 1:1 mixture of dichloromethane:ethanol gave maroon, 
diamond-shaped crystals suitable for X-ray diffraction studies. Yield = 63%, m.p. 
238-242 °C. Anal. Calc. for C28H24O2Cl2PRe (%): C, 35.67; H, 2.57.  Found: C, 
35.59; H, 2.62. Infrared (cm-1): ν(C=O) 1653, 1636 (s); ν(C=C) 1540, 1558 (s).  
Electronic spectrum (λmax, nm/ε, M-1cm-1): 426 (6800); 546 (2362).  Conductivity 
(10-3 M, DMF): 42 ohm-1cm2mol-1.  
 
4.2.4 X-ray crystallography 
 
Intensity data for dpa.HCl.2H2O, 1 and 2 were collected on a Nonius Kappa CCD 
diffractometer at 200(2) K with Mo Kα radiation (λ=0.71073 Å). The structures 
were solved by direct methods and were refined by full-matrix least-squares 
procedures using SHELXL-97 [22]. All non-hydrogen atoms were refined 
anisotropically, and the hydrogen atoms were calculated in idealized geometrical 
positions. The data were corrected by a numerical absorption correction [23] after 
optimizing the crystal structures with XShape [24]. Crystal and structure 
refinement data for dpa.HCl.2H2O, 1 and 2 are given in Tables 4.1 and 4.2.   
 
 
4.3 Results and discussion 
 
4.3.1 Synthesis and spectral characterization 
 
Both complexes 1 and 2 were prepared in good yield by the following ligand 
exchange reactions: 
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trans-[ReCl3(MeCN)(PPh3)2] + dpa  →  fac-[ReCl3(dpa)(PPh3)] (1) +  MeCN + PPh3 
trans-[ReCl3(MeCN)(PPh3)2] + Hamp → cis-[ReCl2(bat)(PPh3)2] (2) +  MeCN   +  HCI 
 
 
The rhenium(III) complex [ReCl3(dpa)(PPh3)] (1) was synthesized by the reaction 
of trans-[ReCI3(MeCN)(PPh3)2] with two molar equivalents of dpa in acetonitrile 
heated at reflux under nitrogen. The complex was isolated as a dark brown solid 
and crystals were obtained from the slow evaporation of the mother liquor.      
 
Complex 2 was prepared by using the same experimental conditions employed for 
1 by replacing dpa with Hamp in acetonitrile as a solvent. Upon complexation to 
the metal, Hamp decomposed to give the starting material benzoylacetone (bat) 
which then coordinated to the metal centre. A maroon precipitate was formed on 
cooling the reaction solution to room temperature, and X-ray quality crystals were 
obtained by the slow evaporation from a dichloromethane/methanol (1:1) solution. 
Although all precautions were taken to exclude water from the reaction mixture, it 
is probable that the decomposition of Hamp is initiated by the nucleophilic attack 
of water on the imine function of Hamp. 
 
Prolonged heating was required to form and isolate the products, and no products 
with sensible analyses could be isolated for heating periods less than an hour. 
 
The elemental analyses of the complexes are in good agreement with their 
formulations. Complexes 1 and 2 are soluble in a variety of solvents including 
acetone, acetonitrile, DMF and DMSO. They are insoluble in water, alcohols and 
benzene. The complexes have a low solubility in chlorinated solvents. They are 
both stable for months in the solid state and for days in solution.  
 
Chapter 4 62 
 
 
N.C. Yumata Nelson Mandela Metropolitan University 
The conductivity values of both complexes in DMF confirm that the complexes are 
non-electrolytes. Conductivity readings between 65 and 90 ohm-1cm-2mol-1 in DMF 
are consistent with 1:1 electrolytes [25].  
 
The weak absorption band at 3132 cm-1 in the infrared spectrum of 1 (Figure 4.3) 
confirms that the amino nitrogen of dpa remains protonated on complexation to 
the metal. The typical pyridinic C=N and C=C stretching vibrations give rise to 
bands in the 1664-1637 cm-1 and 1560 cm-1 regions respectively. The coordination 
of the two pyridinyl nitrogens of dpa is evidenced by the shift of the v(C=N) from 
about 1676 cm-1 in the free ligand to the 1660-1631 cm-1 region. The spectrum 
also displays a broad absorption band at 512 cm-1 attributable to v(Re-N).   
 
For complex 2, the spectrum displays strong absorption bands in the 1653-1636 
cm-1 region which are attributable to the C=O stretching frequency. The C=C 
stretching vibrations were also observed in the 1558-1540 cm-1 region.   
 
The 1H NMR signals for 1 are surprisingly sharp and well resolved even though 
the complex is paramagnetic. A fifteen proton multiplet in the range 7.6-7.8 ppm 
illustrates the presence of the triphenylphoshine group. The broad singlet of the 
NH proton appears far downfield at 8.38 ppm. Only four signals that integrate for 
two protons each were observed for the eight aromatic protons of dpa, indicating 
that the two pyridine rings of dpa are chemically and magnetically equivalent. The 
expected splitting pattern of doublet-doublet-triplet-triplet is observed for these 
protons (Figure 4.4). The pyridinyl protons H1 and H3 are shifted upfield at 7.54 
and 7.23 ppm from their expected diamagnetic positions, with upfield shifts also 
observed for H4. The 1H NMR spectrum of 2 consists of poorly-resolved broad 
peaks, showing paramagnetic shifts and line broadening of the signals. 
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The electronic absorption spectrum of 1 was recorded in DMF and is 
characterized by two intense absorption bands at 257 and 315 nm. These 
transitions have been previously assigned to the intraligand π→π* transitions of 
the pyridine rings of dpa [10]. 
 
Complex 2 displays an absorption band at 423 nm which is due to ligand-to-metal 
charge transfer. The d-d transition (Figure 4.5) of the complex is supported by the 
presence of the absorption band observed in the visible spectrum at 545 nm. 
 
 
 
 
 
Figure 4.3. The IR spectrum of 1. 
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Figure 4.4. The 1H NMR spectrum of 1. 
 
 
 
 
 
 
Figure 4.5. The electronic spectrum of 2. 
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4.3.2 X-ray data collection, structure solution and refinement  
 
Description of the structure of dpa.HCl.2H2O 
 
An ORTEP perspective view of the asymmetric unit of the ligand is shown in 
Figure 4.6, and selected bond lengths and angles are listed in Table 4.3.  
 
The X-ray crystal structure analysis of the ligand reveals that dpaH+ adopts the 
anti-anti configuration. There are significant differences in the C-C and C-N bond 
lengths of the two pyridine rings. The two rings are not chemically equivalent, 
which is the result of the protonation of one of the pyridyl nitrogen atoms. The 
average bond length for the four C-C bonds in the N(2) ring is 1.374(9) Å but in 
the N(3) ring it is 1.389(9) Å. The average of the two C-N(2) bond lengths 
[1.365(8) Å] is longer than the C-N(3) bond ones [average = 1.365(8) Å]. These 
results indicate that it is the nitrogen atom N(3) that is protonated in dpaH+.  
 
The two N(1)-C bond lengths are single [average = 1.379(8) Å], and the C(1)-N(1)-
C(6) bond angle of 129.3(4)° is considerably larger than expected for a sp3 
hybridized nitrogen atom. This effect is ascribed to structural and steric effects, 
which play a minor role in the bond angles around C(1) and C(6) (close to 120°). 
The two pyridyl rings are coplanar, with the torsion angles C(6)N(1)C(1)C(2) = 
179.8(5)°, and C(1)N(1)C(6)C(7) = 178.3(5)°. 
 
The protonated N(3)H is involved in a hydrogen-bond to N(2) (see Table 4.4), and 
the water molecule O(1)H
 
forms hydrogen-bonds to O(2) and the Cl- counter-ion. 
O(2)H2 is involved in one hydrogen-bond only, to the Cl- ion. 
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Figure 4.6. An ORTEP plot of dpa.HCI.2H2O with atom-labeling scheme. 
 
 
 
Figure 4.7.  A Mercury view of dpa.HCI.2H2O showing the intermolecular 
hydrogen-bonding. 
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Description of the structure of fac-[ReCl3(dpa)(PPh3)] (1)  
 
Figure 4.8 depicts the ORTEP drawing of fac-[ReCl3(dpa)(PPh3)], showing the 
atom numbering scheme. The rhenium atom is at the centre of a distorted 
octahedral environment with the three chloride ligands arranged in a facial 
geometry. The basal plane is defined by the two nitrogen atoms N(1) and N(3) of 
dpa and the two cis chlorides Cl(1) and CI(2). The phosphorous atom P and CI(3) 
lie in trans axial positions. Distortion from an ideal octahedral environment results 
in a non-linear Cl(3)-Re-P axis of 175.89(6)°, with the remaining trans angles 
Cl(2)-Re-N(1) = 173.44(2)° and Cl(1)-Re-N(3) = 174.80(2)° also deviating from 
linearity. The rhenium atom is displaced out of the mean N2CI2 equatorial plane by 
0.050 Å towards P. This results in the non-orthogonal angles P-Re-CI(1) = 
86.63(6)°, P-Re-CI(2) = 89.34(7)°, P-Re-N(1) = 92.79(2)° and P-Re-N(3) = 
96.97(2)°. The N(1)-Re-N(3) bite angle of dpa equals 83.4(2)°, which is 
significantly smaller than in other six-membered metallocyclic dpa complexes of 
copper(II) and cobalt (II), where it varies from 88.0(2)° to 91.2(2)° [14]. However, 
with rhenium(V) complexes a bite angle of 83.64(15)° and 86.7(2)° have been 
reported [9]. The C-C-N angles at the ring junctions are close to 120° with  bond 
angles of C(5)-C(4)-N(1) = 121.9(5)° and C(9)-C(10)-N(3) = 122.6(6)°.  
 
The bond distances of rhenium with the donor atoms support its oxidation state of 
+III. The Re-P, Re-N and Re-Cl distances are similar to those found for other 
rhenium(III) polypyridyl complexes [4]. The chloride ions are arranged in a facial 
fashion, typical of the [ReX3(L-L)(PPh3)] compounds with bipy-like ligands [26]. 
The back-bonding effect of the complexes [ReX3(L-L)(PPh3)] with two excellent π-
acceptor ligands coordinated to a π-donor rhenium(III) center is maximized in the 
facial disposition, which ensures minimum competition between the ligands for 
identical metal orbitals. 
 
Chapter 4 68 
 
 
N.C. Yumata Nelson Mandela Metropolitan University 
A Re-Npy distance of 2.121(6) Å has been reported in a rhenium(III) complex, with 
a pyridine as part of a  bidentate nitrogen-donor ligand [7].  A lengthening of the 
Re-Nbipy distances in rhenium(V) complexes, consistent with the notion of the 
greatest M-L back- bonding occurring when the metal is most electron rich, also 
confirms a significant π-back-bonding between the rhenium and bipy of 
[ReCl3(L)(PPh3)] [27-31]. The differences in Re-Cl bond distances are ascribed to 
the large trans effect of the triphenylphoshine group. The result is that the Re-
Cl(3) distance is longer than the corresponding Re-CI(1) and  Re-CI(2) bond 
lengths located in trans positions to the dpa ligand [2.416(2) Å vs 2.397(2) Å and 
2.360(2) Å]. The average C(1)-C(5) and C(6)-C(10) bond lengths are typical for 
aromatic systems. The latter is also observed in the C-C bond distances in the 
pyridine rings of dpaH+. 
 
 
 
Figure 4.8. An ORTEP drawing of the structural unit of [ReCl3(dpa)(PPh3)]. 
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The chloride Cl(1) forms an intermolecular  NH…CI hydrogen-bond of 3.342(5) Å 
and a N-H…CI(1)  angle of 147° (Figure 4.9, Table 4.6). The presence of this 
intermolecular hydrogen-bond plays a significant role in the stabilization of the 
complex in the solid state.  
 
 
 
Figure 4.9. Mercury view showing the hydrogen-bonding in [ReCl3(dpa)(PPh3)]. 
 
 
Description of the structure [ReCl2(bat)(PPh3)2] (2)  
 
The X-ray structure determination reveals that the rhenium(III) atom resides in a 
distorted octahedral environment surrounded by two oxygen atoms O(1) and O(2) 
(originating from bat), the two chlorides Cl(1) and Cl(2) and two trans 
triphenylphosphines (Figure 4.12). Distortion from an ideal rhenium-centered 
octahedron mainly results in a non-linear P(1)-Re-P(2) axis of 174.75(3)°, 
accomplished by Cl(1)-Re-O(1) and CI(2)-Re-O(2) angles of 174.52(7)° and 
173.95(7)°, respectively (Table 4.7). The rhenium atom is displaced slightly out of 
the mean O2Cl2 equatorial plane by 0.0057(1) Å towards P(1), which results in the  
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non-orthogonal angles P(1)-Re-O(1) = 88.69(8)°, P(1)-Re-O(2) = 92.00(7)°, P(1)-
Re-Cl(1) = 91.77 (3)° and P(1)-Re-Cl(2) = 87.40(3)°. The O(1)-Re-O(2) bite angle 
of bat equals 86.95(9)°. 
 
The Re-Cl [average = 2.3771(9) Å] and Re-O [average = 2.024(2) Å] bond lengths 
are close to those observed in the rhenium complex [ReCl2(acac)(PPh3)2] (acac = 
acetylacetonate), where the corresponding average values are 2.369(4) Å and 
2.03(1) Å.  
 
The Re-P lengths of 2.459(1) Å and 2.479(1) Å agree well with the average of 
2.470 Å found in other rhenium(III) complexes containing two trans 
triphenylphosphine ligands [32,33].  
 
Bond distances and angles in the benzoylacetone ligand are normal, and show 
that bat acts as a monoanionic bidentate chelate. The intraligand bond lengths do 
not differ much from the corresponding ones of acac in [ReCI2(acac)(PPh3)2]. The 
atoms O(1)C(4)C(3)C(1)O(2) are coplanar, which means that the ligand 
coordinates in the pseudo-aromatic form: 
 
H
CH3
O O
Re
 
 
Figure 4.10. The pseudo-aromatic coordination of bat. 
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The O(2)C(2)C(3)C(4) and C(2)C(3)C(4)O(1) torsion angles are -2.2(6)° and 
1.0(6)° respectively. The bond angle C(2)-C(3)-C(4) equals 125.5(3)°, which 
illustrates that C(3) is sp2 hybridized, with the angles O(1)-C(4)-C(3) [123.3(3)°] 
and O(2)-C(2)-C(3) [124.6(3)°] also intimating sp2 hybridization of C(4) and C(2). 
The similarity of the O(1)-C(4) [1.300(4) Å] and O(2)-C(2) [1.260(4) Å] bond 
lengths, and the C(2)-C(3) [1.405(5) Å] and C(3)-C(4) [1.391(5) Å] lengths, 
illustrates the following delocalization in bat:  
 
O O
H
CH3
 
 
Figure 4.11. The electron delocalization in bat. 
 
The C(1)-C(2) bond is single [1.497(5) Å], with the average C-C bond lengths in 
the phenyl ring of bat equal to 1.370(5) Å, as expected for an aromatic ring.   
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Figure 4.12. An ORTEP view of the structure of [ReCl2(bat)(PPh3)2]. 
. 
 
 
4.3.3. Optimized geometry 
 
The geometry of 1 was optimized in a singlet state by using the DFT method with 
the use of the B3LYP functional. The optimized geometric parameters are 
gathered in Table 4.5. In general, the optimized geometries are in agreement with 
the experimental data. The differences of the calculated and experimental Re-
CI(1,2) bond lengths can be explained by strong hydrogen-bonding involving the 
CI(1) and CI(2) atoms. The formation of the hydrogen-bonds causes local 
deficiency of electron density on the chloride ions.    
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Table 4.8 presents the Natural Population Analysis atomic charges for 1. The 
calculated charge of +0.870 on the rhenium atom is considerably lower than the 
formal charge of +III. This is the result of a significant charge donation from the 
chloride ions and the triphenylphoshine ligand which act as σ-donors. There is a 
large positive charge on the P atom and the charges on the chloride ligands are 
significantly smaller than -1. The dpa ligand of [ReCl3(dpa)(PPh3)] acts as an 
electron acceptor; the charges on the dpa nitrogen atoms bonded with the 
rhenium atom are negative. 
 
The π-bonding orbitals of the dpa ligand and the chloride atoms contribute to the 
HOMO configuration (Table 4.9). There is also a contribution from the rhenium dxy 
atomic orbital. The LUMO configuration receives contributions from the dx2-y2 
orbitals of the metal and from the π*-orbitals of the coordinated dpa ligand. 
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Table 4.1. Crystal and structure refinement data for dpa.HCI.2H2O. 
  
Chemical formula 
Formula weight 
Temperature 
Crystal system 
Space group 
a (Å)       
b (Å)                                           
c (Å) 
β(°) 
Volume (Å3) 
Z 
Density (calc.;g.cm-3) 
F(000)                                                   
Crystal size (mm)                              
θ range for data collection (°)               
Index ranges 
                                                
 
Observed data [I>2.0σ(I)]                     
Parameters 
Goodness-of-fit on F2 
Final R indices: R    
                          wR2 
Largest diff. peak/hole (e.Å-3) 
C10H14ClN3O2 
243.69 
200 
monoclinic 
Cc 
 9.5824(5)  
15.8369(12) 
7.9529(5) 
105.517(4) 
1162.91(13) 
4 
1.386 
508 
0.07 x 0.09 x 0.22 
3.2-25.4 
-11≤h≤11 
-19≤k≤19 
-9≤ℓ≤9 
1506 
162 
1.045 
0.0577, 
0.1631 
0.34/-0.39 
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Table 4.2. Crystal and structure refinement data for 1 and 2. 
 1 2 
Chemical Formula 
Formula weight 
Temperature (K) 
Crystal system 
Space group 
 a (Å)     
b (Å)                               
c (Å) 
β (°)                                          
Volume (Å3) 
Z 
Density (calc.;g.cm-3) 
F(000)                                          
Crystal size (mm)                         
θ range for data collection (°)       
Index ranges                      
                                               
                                              
Observed data [I>2.0σ(I)]             
Parameters 
Goodness-of-fit on F2 
Final R indices: R    
                          wR2 
Largest diff. peak/hole (e.Å-3) 
C28H24Cl3N3Re 
726.05 
200 
monoclinic 
P21/n 
8.1956(4)  
17.6815(6) 
19.8785(1) 
93.8440(2) 
2874.1(2) 
4 
1.678 
1416 
0.03 x 0.03 x 0.09 
3.3-24.4 
-9≤h≤9 
-20≤ k≤ 20 
-23≤ℓ≤23 
3674 
325 
1.08 
0.0343 
0.0860 
1.10/-1.02 
C46H39Cl2O2P2Re 
942.86 
200 
monoclinic 
P21/n 
13.0553(3) 
16.9817(3) 
17.9209(4) 
101.403(2) 
3894.66(14) 
4 
1.608 
1880   
0.02 x 0.13 x 0.36 
4.2-26.3 
-16≤h≤16 
-21≤ k≤ 19 
-20≤ℓ≤22 
5308 
479 
0.083 
0.0293 
0.0484 
1.36/-1.28 
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Table 4.3. Selected bond lengths [Å] and bond angles [°] for dpa.HCI.2H2O. 
 
 
Table 4.4. Hydrogen-bonding distances [Å] and angles [°] for dpa. 
D-H…A D-H H…A D…A DH…A 
N(3)H…N(2) 
N(1)H(1)…O(1) 
O(1)H(91)…CI 
O(1)H(92)…O(2) 
O(2)H(94)…CI 
1.14(6) 
       0.88 
0.83(6) 
0.83(6) 
0.83(3) 
1.64(6) 
      1.86 
2.32(6) 
2.08(6) 
2.53(3) 
2.611(7) 
2.741(1) 
3.096(5) 
2.915(5) 
3.019(4) 
140(4) 
177.00 
157(7) 
175(4) 
154(4) 
 
 
 
 
 
N(1)-C(1) 
N(1)-C(6) 
N(3)-C(6) 
N(3)-C(10) 
C(1)-C(2) 
C(2)-C(3) 
C(8)-C(9) 
 
C(1)-N(1)-C(6) 
C(1)-N(2)-C(5) 
N(2)-C(1)-C(2) 
N(2)-C(5)-C(4) 
C(1)-C(2)-C(3) 
C(2)-C(3)-C(4) 
1.387(8) 
1.370(8) 
1.319(7) 
1.338(7) 
1.385(8) 
1.332(8) 
1.377(9) 
 
129.3(4) 
117.9(5) 
121.0(5) 
122.3(5) 
121.2(5) 
119.2(5) 
 N(2)-C(1) 
N(2)-C(5) 
C(3)-C(4) 
C(4)-C(5) 
C(6)-C(7) 
C(7)-C(8) 
C(9)-C(10) 
 
N(1)-C(1)-N(2) 
N(1)-C(6)-N(3) 
N(1)-C(1)-C(2) 
N(3)-C(6)-C(7) 
N(3)-C(10)-C(9) 
 C(6)-C(7)-C(8) 
1.359(8) 
1.369(7) 
1.410(9) 
1.369(8) 
1.404(8) 
1.418(9) 
1.358(8) 
 
116.0(5) 
119.8(5) 
123.0(5) 
122.0(5) 
121.3(5) 
115.9(5) 
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Table 4.5. Experimental and optimized bond lengths [Å] and angles [°] for 1. 
 Exp  Calc 
Re-CI(1) 
Re-CI(2) 
Re-Cl(3) 
Re-P 
Re-N(1) 
Re-N(3) 
CI(1)-Re-CI(2) 
Cl(1)-Re-Cl(3) 
CI(1)-Re-N(1) 
Cl(1)-Re-N(3) 
CI(1)-Re-P 
CI(2)-Re-CI(3) 
CI(2)-Re-N(1) 
CI(2)-Re-N(3) 
Cl(2)-Re-P 
Cl(3)-Re-N(1) 
Cl(3)-Re-N(3) 
Cl(3)-Re-P 
N(1)-Re-P 
N(3)-Re-P 
N(1)-Re-N(2) 
C(5)-C(4)-N(1) 
C(9)-C(10)-N(3) 
2.397(2) 
2.360(2) 
2.416(2) 
2.434(2) 
2.117(5) 
2.129(5) 
93.57(6) 
89.26(6) 
92.75(1) 
174.80(2) 
86.63(6) 
90.95(7) 
173.44(2) 
90.24(2) 
89.34(7) 
87.37(2) 
87.14(2) 
175.89(6) 
92.79(2) 
96.97(2) 
83.4(2) 
121.9(5) 
122.6(6) 
 2.360 
2.365 
2.467 
2.409 
2.157 
2.154 
103.72 
89.06 
89.49 
167.01 
86.96 
88.73 
165.56 
88.12 
89.25 
85.66 
85.84 
174.98 
97.36 
98.68 
78.23 
122.53 
122.61 
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Table 4.6. Hydrogen-bonding distances [Å] and angles [°] for 1. 
D-H…A D-H H…A D…A DH…A 
N(2)H(72)…CI(1) 
C(1)H(1)…CI(1) 
C(6)H(6)…CI(2) 
C(9)H(12)…CI(2) 
C(12)H(12)…CI(2) 
C(24)H(24)…N(3) 
0.88 
0.95 
0.95 
0.95 
0.95 
0.95 
2.57 
2.76 
2.72 
2.66 
2.67 
2.47 
3.342(5) 
3.268(7) 
3.181(8) 
3.440(7) 
3.481(1) 
3.317(1) 
147 
115 
110 
140 
143 
148 
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Table 4.7. Selected bond lengths [Å] and angles [°] for 2. 
Re-Cl(1) 
Re-Cl(2) 
Re-P(1) 
Re-P(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(6)-C(7) 
C(8)-C(9) 
 
CI(1)-Re-O(1) 
CI(1)-Re-O(2) 
CI(1)-Re-CI(2) 
CI(1)-Re-P(1) 
CI(1)-Re-P(2) 
P(1)-Re-O(1) 
P(1)-Re-O(2) 
O(1)-Re-O(2) 
O(1)-C(4)-C(3) 
O(1)-C(4)-C(5) 
O(2)-C(2)-C(1) 
O(2)-C(2)-C(3) 
2.376(9) 
2.378(9) 
2.459(1) 
2.479(1) 
1.405(5) 
1.391(5) 
1.484(5) 
1.377(5) 
1.344(7) 
 
174.52(7) 
87.58(7) 
98.46(3) 
91.77(3) 
92.15(3) 
88.69(8) 
92.00(7) 
86.95(9) 
123.3(3) 
114.5(3) 
116.1(3) 
124.6(3) 
 Re-O(1) 
Re-O(2) 
O(1)-C(4) 
O(2)-C(2) 
C(1)-C(2) 
C(5)-C(6) 
C(5)-C(10) 
C(7)-C(8) 
C(9)-C(10) 
 
CI(2)-Re-O(1) 
CI(2)-Re-O(2) 
CI(2)-Re-P(1) 
CI(1)-Re-P(2) 
P(1)-Re-P(2) 
P(2)-Re-O(1) 
P(2)-Re-O(2) 
Re-O(2)-C(2) 
C(1)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(6) 
2.022(2) 
2.025(2) 
1.300(4) 
1.260(4) 
1.497(5) 
1.367(5) 
1.375(5) 
1.381(7) 
1.378(5) 
 
87.02(7) 
173.95(7) 
87.40(3) 
92.57(3) 
174.75(3) 
87.74(8) 
91.66(7) 
129.9(2) 
119.2(3) 
125.5(3) 
122.1(3) 
119.5(3) 
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Table 4.8. Natural Population Analysis atomic charges for 1. 
Re 
CI(1) 
CI(2) 
CI(3) 
0.870 
-0.373 
-0.379 
-0.616 
P 
N(1) 
N(2) 
N(3) 
1.042 
-0.549 
-0.614 
-0.554 
 
 
Table 4.9.The selected HOMO and LUMO orbitals for 1.  Positive values of the 
orbital contour are represented in blue (0.032 a.u) and negative values in red (-
0.032 a.u). 
HOMO LUMO 
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Chapter 5 
 
Rhenium(IV) and (V) complexes with a N2O2-donor 
tripodal ligand 
 
 
5.1 Introduction 
 
A key feature in the coordination chemistry of tripod ligands is their ability to divide 
the metal-ligand coordination sphere into non-labile sites and reactive sites. 
Phenolate-containing ligands are valuable in modeling the active sites of metal-
tyrosine centers in metalloproteins and homogeneous and heterogeneous 
catalysts [1]. However, tripodal ligands based on nitrogen heterocyclic donors 
have earned an important place in transition metal chemistry as they frequently 
provide robust metal-nitrogen coordination [2]. Ligands of this type reported to 
date can broadly be divided into two classes: 
i. those in which the arms of the tripod are connected via methylene linking 
groups to a tertiary amine function, which is itself generally involved in 
coordination, and 
ii. those in which the central linking atom does not coordinate to the metal 
due to chemical and geometric reasons. 
 
On coordination of the central tertiary nitrogen atom, the ligands are capable of 
forming both five- and six-membered chelate rings in their metal complexes. 
 
A common starting point in the syntheses of tripodal ligands is the double 
condensation reactions of amines with aldehydes to form imines, followed by 
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sodium borohydride reduction to the secondary and tertiary amines. They are 
versatile ligands in coordination chemistry because they can readily be 
derivatised, thus allowing the introduction of further functional groups.   
 
 
N
N
N
N
N
N N
M
N NN N
M
N
( i) ( ii)
 
 
 
Figure 5.1. The two types of tripods for a generic N4 ligand system. 
 
One approach to the development of novel rhenium(V) complexes has been the 
‘3+1’ concept of ligand permutation, which provides a strategy for the consistent 
synthesis of complexes with the ReO3+ core [3,4]. This concept is based on the 
ligation of a dinegative, tridentate chelate in combination with a monodentate,  
uninegative thiolate in a square-pyramidal geometry of the rhenium(V) complex 
[5]. However, these ‘3+1’ complexes were found to be relatively unstable in vitro 
and in vivo, due to various reasons [6]. The kinetic stability was improved 
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somewhat by ‘3+2’ six-coordinated oxorhenium(V) complexes [7]. In addition, 
‘2+2’ ligand combinations have also been exploited [8]. 
 
In this chapter the concept of ligand permutation has been extended to ‘4+1’ 
complexes by using dianionic, tetradentate N2O2-donor chelates around the 
oxorhenium(V) core. Several rhenium(V) complexes with tetradentate ligands 
have been described, with most of these ligands being of the Schiff-base type [9-
11]. 
 
Here the rhenium complexes formed by the reaction of trans-
[ReCl3(MeCN)(PPh3)2] with the tetradentate N2O2-donor ligand N,N-bis(2-
hydroxybenzyl)-2-(2-aminoethyl)dimethylamine (H2had) are reported. 
 
 
N
OH HO
N
CH3
CH3
 
 
 
Figure 5.2.  The structure of H2had. 
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5.2 Experimental 
 
5.2.1 Syntheses of the complexes 
 
[ReVOCl(had)] (1) 
 
To a suspension of 77 mg of H2had (478 µmol) in 5 mL of ethanol was added 204 
mg of trans-[RelllCl3(MeCN)(PPh3)2] (242 µmol) dissolved in 7 mL ethanol. The 
reaction mixture was heated under reflux in air for 30 min, after which the dark 
green solution was cooled to room temperature and filtered. The slow evaporation 
of this solution in a desiccator over 3 days yielded green crystals that were 
suitable for X-ray crystallographic studies. The crystals were collected by filtration 
and dried under vacuum. Yield = 58%; m.p. 213 °C. Anal. Calcd. for 
C18H22N2O3ClRe (%): C, 40.33; H, 4.14; N, 5.25. Found: C, 40.26; H, 4.43; N, 
5.06.  Infrared: ν(Re=O) 957(s); ν(C-O) 1257(s), 1276(s); ν(Re-O) 476(w), ν(Re-N) 
501(m), ν(N-CH3) 1290(s). 1H NMR (DMSO-d6): 7.33 (m, 4H, H4, H6, H11, H13); 
7.05 (d, 1H, H7); 7.00 (t, 1H, H5); 6.85 (t,1H, H12); 6.76 (d, 1H, H14); 5.23 (d, 1H, 
HA1);   4.38 (d, 1H, HB1);  4.18 (d, 1H, HA8);  3.96 (d, 1H, HB8);  3.49 (t, 2H, H15);  
3.30 (t, 2H, H16);  3.06 (s, 3H, 17CH3);  2.96 (s, 3H, 18CH3).  Electronic spectrum 
(λmax, nm/ε, M-1cm-1): 603 (170); 333 (7900).  Conductivity (10-3 M, CH3CN): 17 
ohm-1cm-2mol-1. 
 
[ReIVCl(had)(PPh3)](ReO4) (2) 
 
The complex was synthesized using a similar procedure employed for complex 1.  
A mixture of trans-[ReCl3(MeCN)(PPh3)2] (200 mg, 237 µmol) and H2had (142 mg, 
472 µmol) in 15 mL of ethanol was heated under reflux in air for 7 days, with the 
solution gradually changing colour to dark red. The solution was cooled to room 
temperature and filtered to give a dark red solution. After standing at ambient 
temperature     for     3     days,     dark     red,     diamond-shaped     crystals     of  
Chapter 5 87 
  
 
N.C. Yumata Nelson Mandela Metropolitan University 
[ReCl(had)(PPh3](ReO4) formed, and were collected by filtration. Anal. Calcd. for 
C36H37N2O6PRe2 (%): C, 41.88; H, 3.61; N, 2.71.  Found:C, 41.85; H, 3.70; N, 
2.68. M.p. 308 °C. Infrared: v(ReO4-) 910 (s), ν(C-O) 1242(s), 1255(s); ν(Re-O) 
496(w), 480(w); ν(Re-N) 509(m), 525(m); ν(N-CH3) 1243(s).  Conductivity 
(DMF,10-3 M): 70 ohm-1cm-2mol-1. 
 
5.2.2 Crystallography 
 
Diffraction data for H2had, [ReOCl(had)] and [ReCl(had)PPh3](ReO4) were 
collected on a Nonius Kappa CCD diffractometer with graphite-monochromated 
Mo K
α
 radiation (λ=0.71073 Å). Details of the crystal data, intensity measurements 
and data processing are summarized in Tables 5.1 and 5.2. For the structure 
factors, corrections for Lorentz and polarization effects and absorption were made. 
Intensity data were processed using the DENZO-SMN package [12]. The 
structures were solved using direct methods program SIR92 which located all non-
hydrogen atoms [13]. Subsequent full-matrix least-squares refinements were 
carried out using the CRYSTALS program suite [14]. Hydrogen atoms were 
positioned geometrically after each cycle of refinement. A three-term Chebychev 
polynomial weighting scheme was applied. Selected bond lengths and angles are 
given in Tables 5.3-5.5.  
 
5.3 Results and discussion 
 
5.3.1 Synthesis 
 
The ligand H2had was synthesised by a literature method as discussed in Chapter  
2.  
The reaction of trans-[ReCl3(MeCN)(PPh3)2] with a twofold molar excess of H2had 
in ethanol under reflux in air for 30 min gave the green, six-coordinate complex 
[ReOCl(had)]. However, if the heating time is lengthened to 7 days, the product 
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O2
[ReCl(had)(PPh3)](ReO4) was obtained (Scheme 5.1). With an equimolar ratio of 
reactants none of the complexes could be isolated. This result is very interesting 
and has not been observed before. It shows that oxorhenium(V) complexes can 
easily be prepared from rhenium(III) precursors in the presence of ligands and 
dioxygen, and that short reaction times are necessary to form suitable products. 
Usually, if oxorhenium(V) complexes are synthesized from oxorhenium(V) starting 
materials, much longer reaction times (> 3 h) are necessary for the completion of 
the reactions and a reasonable yield of products. The effect of extremely long 
reaction times on the formation of oxorhenium(V) complexes are also illustrated. It 
shows that oxorhenium(V) complexes undergo disproportionation to perrhenate 
and rhenium(IV) species, which is illustrated by the isolation of 
[ReIVCI(had)(PPh3)](ReO4) in this study (see Scheme 5.1).  
 
  
trans-[ReIIICl3(MeCN)(PPh3)2]      +      2H2had                         [ReVOCl(had)]   
                                                                                                     
,    7 days
           
                                                                                    [ReIVCI(had)(PPh3)](ReO4)  
      
 
Scheme 5.1. Synthetic procedure of 1 and 2. 
 
 
Complex 1 could also be prepared by employing the rhenium(V) precursor, trans-
[ReOCI3(PPh3)2] with a twofold molar excess of H2had in ethanol, albeit with a 
longer reaction time of three hours [15]: 
 
O 2
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trans-[ReOCI3(PPh3)2]    +   H2had    →   [ReOCl(had)]   +   [H4had]Cl2    +    2PPh3 
 
 
One equivalent of H2had serves as a ligand, and the other as a base to 
deprotonate the phenolic hydroxy functions and to remove the two equivalents of 
HCl that are formed upon substitution.  
 
Complex 1 could also be synthesized from the reaction of (n-Bu4N)[ReOCl4] with a 
twofold molar excess of H2had in ethanol, or with equimolar quantities in the 
presence of triethylamine [15]: 
 
 
(n-Bu4N)[ReOCl4]  +  H2had + 2Et3N  →   [ReOCl(had)]  +  2[Et3NH]Cl  +  n-Bu4NCl 
 
 
The elemental analyses of the complexes are in good agreement with the 
proposed formulations.  
 
Repeated attempts to obtain crystals of 2 suitable for X-ray analysis and further 
characterization, always failed.  
 
Complex 1 is diamagnetic (formally d2), and is a non-electrolyte in acetonitrile. The 
conductivity of complex 2 in DMF confirms that it is a 1:1 electrolyte in solution. 
The complexes are weakly soluble, but stable, in polar solvents like DMSO, DMF, 
acetonitrile, acetone and chloroform. Both complexes are stable for months and 
days in solution without undergoing any decomposition.  
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5.3.2 Spectral characterization 
 
In the infrared spectrum of 1 (Figure 5.3) the asymmetric Re=O stretching 
frequency of  957 cm-1 appears as a sharp, strong band which falls in the typical 
region of  951-966 cm-1 that is normally observed for complexes with a relatively 
hard phenoxy donor atom trans to the Re=O moiety [10,16,17].  
 
The infrared spectrum of 2 provides strong evidence for the presence of the 
perrhenate anion, with the characteristic strong absorption band at 910 cm-1 
ascribed to v(Re=O) of ReO4-. The band at 1084 cm-1 confirms the existence and 
subsequent coordination of the triphenylphoshine ligand to the metal centre.  
 
Deprotonation of both phenolic OH groups in each complex is supported by the 
absence of a band in the 3200-3500 cm-1 region, and the coordination of the 
deprotonated phenolate oxygens to rhenium is reflected by two ν(C-O) peaks 
around 1255 and 1275 cm-1.  
 
The 1H NMR spectrum of 1 (Figure 5.5) presents a pattern characteristic of 
diamagnetic species in solution and supports the arrangement of the tetradentate 
ligand around the rhenium(V) centre, with all the aromatic protons in different 
chemical environments. In the aromatic region of the spectrum of [ReOCl(had)], 
for example, there are twelve aromatic protons. Furthermore, the signals of all the 
protons are shifted downfield with respect to those of the free ligand. 
 
In the UV/Vis spectrum of complex 1, the intense band in the visible region (337 
nm) is ascribed to the oxo-oxygen-to-rhenium(V) charge transfer transition, while 
the  absorption band at 603 nm is due to a d-d transition. 
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Figure 5.3. The IR spectrum of [ReOCl(had)]. 
 
 
 
 
 
Figure 5.4. The IR spectrum of [ReCl(had)(PPh3)](ReO4). 
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Figure 5.5. The 1H NMR spectrum of [ReOCl(had)](ReO4). 
 
 
5.3.3 Description of the structures 
 
H2had 
 
The X-ray crystal structure determination of the starting material H2had (Figure 
5.5) shows trigonal pyramidal geometries around N(1) [average C-N-C angle = 
110.7(1)°] and N(2) [average C-N-C angle = 110.0(1)°], with an average C-N bond 
of 1.472(2) Å (Table 5.3). The two C-OH bonds have an average value of 1.367(2) 
Å, and the orientation of the pendant arms around N(1) is governed by the 
hydrogen-bonds H(O1)···N(2), H(O2)···O(1), H(O2)···N(1) and H(C15)···O(1) (see 
Figure 5.6 and Table 5.3). 
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Figure 5.6. Molecular structure of H2had, showing the atom-labeling scheme. 
Intramolecular hydrogen-bonds are shown as dashed lines. 
 
 
 
Figure 5.7. The crystal packing of H2had, viewed along the a axis.  Intermolecular 
hydrogen-bonds are shown as dashed lines. 
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 [ReOCl(had)] (1) 
 
The X-ray crystal structure of 1 (see Figure 5.8) consists of a discrete, monomeric 
and neutral oxorhenium complex unit packed with no intermolecular contacts 
shorter than the Van der Waals radii sum. The coordination geometry around the 
rhenium is highly distorted octahedral; the two nitrogen atoms N(1) and N(2) from 
the tetradentate dinegative ligands lie on the equatorial plane, along with the 
chloride and phenolate O(2) atoms, with the phenolate O(1) trans to the O(3) oxo 
atom in axial positions. The chloride is coordinated trans to the tripodal N(1) atom.  
In the coordination sphere of the complex the six-membered metallocycle adopts 
the twist-boat conformation, the dihedral angles between the two aromatic rings 
being 69.15°. The O(1)-Re-O(3) axis is non-linear at 166.4(3)° and the rhenium 
atom is displaced from the mean equatorial plane by 0.0728(1) towards the oxo 
oxygen atom. For example, as a measure of the octahedral distortion in the 
ClN2O3 polyhedron, the Re atom is -1.23 Å from the N(2)N(1)O(3) plane and +1.20 
Å from the Cl(1)O(2)O(1) one, the angle between the two triangular faces being 
7.54°. The interligand angles in the equatorial planes depart considerably from the 
ideal 90°. 
 
The Re=O(3) distance of 1.674(5) Å compares favourably with those reported 
previously [10,16,17]. Surprisingly, the Re-O(1) bond length, trans to the oxo 
oxygen O(3), is significantly shorter than the equatorial Re-O(2) bond length (e.g. 
1.942(5) vs 1.988(5) Å). This is in contrast with the complex [ReOCl(sal2en)] 
(sal2en = 1,3-N,N’-bis-(3,5-salicylideneimine)diamino-2,2-dimethylpropyl), where 
the trans Re-O bond length [1.994(5) Å] is significantly longer than the cis Re-
O(phenoxy) bond length of 1.976(5) Å [10]. There is no significant difference 
between the two Re-O (phenoxy) distances [1.977(5) for trans and 1.983(6) Å for 
the cis bond] [16]. The Re-N(2) bond [2.230(6) Å] is significantly longer than the 
Re-N(1) bond [2.173(5) Å]. The bond angles around N(1) and N(2) are typical for  
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sp3 hybridized nitrogen atoms. These bond lengths are within the range expected 
from the comparison of other six-coordinate, monooxorhenium(V) complexes 
containing the ClN2O3 donor set [10,16,17]. 
 
With the Schiff-base ligands H2salpd and H2sal2en (H2L) complexes of the type 
[ReOCl(L)] were isolated, with a phenoxy oxygen coordinated trans to the oxo 
group [9,10]. 
 
 
 
 
Figure 5.8. An ORTEP view of [ReOCl(had)] showing the atom-labeling scheme 
and 50% probability ellipsoids. 
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[ReCl(had)(PPh3)](ReO4) (2) 
 
A perspective view of the asymmetric unit of [ReCl(had)(PPh3)]+ is shown in 
Figure 5.9. Refinement of the structure was compromised due to the crystal 
quality and high thermal motion. The crystal structure consists of a mononuclear 
ReOCl(had)(PPh3)]+ cation and a perrhenate ion. The rhenium(IV) ion is in a 
distorted octahedral geometry. The basal plane is defined by the two phenolate 
oxygens of had [O(2) and O(1)], the chloride ion and the nitrogen N(2). The 
phosphorous atom of the PPh3 group and the tertiary nitrogen N(1) are in trans 
axial  positions. Distortion of an ideal rhenium-centred octahedron results in a non-
linear O(1)Re(1)-O(2) axis of 174.38° [175.93° for P-Re(1)-N(1) and Cl(1)-Re(1)-
N(2)  = 170.33°].   
 
The Re-Cl distance of 2.370 Å deviates a little from previously observed bond 
distances in other rhenium(IV) complexes [18]. Distances of 2.308-2.356 Å have 
been reported in the literature for rhenium(V) complexes. Surprisingly, the Re(1)-
N(1) distance (Table 5.5) is shorter than the Re(1)-N(2) distance, taking the larger 
trans effect of the triphenylphosphine group into account. 
 
The [ReO4]- anion has a regular tetrahedral geometry, and it exhibits large thermal 
motions as shown by large thermal parameters of its oxygen atoms. 
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Figure 5.9. ORTEP view (at 50% probability) of [ReCl(had)(PPh3)]+. The hydrogen 
atoms and the ReO4- counter-ion are omitted for clarity. 
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Table 5.1. Crystal data and structure refinement for H2had. 
  
Chemical formula 
Formula weight 
Temperature 
Crystal system 
Space group 
a (Å) 
b (Å) 
c (Å) 
β (°) 
Volume (Å3) 
Z 
Density (calc.,mg.cm-3) 
F(000) 
Crystal size (mm) 
θ range for data collection (°) 
Index ranges 
 
 
Observed data [I>2σ(I)] 
Parameters 
Goodness of fit-on-F2  
Final R indices: R 
                          wR2 
Largest diff. peak/hole (e.Å-3)  
C18H24N2O2 
300.39 
200 
monoclinic 
P21/c 
9.907(2) 
16.480(2) 
10.809(4) 
111.37(2) 
1643.4(7) 
4 
1.214 
648 
0.05x0.17x0.29 
3.7-26.0 
-12≤h≤7 
-12≤k≤20 
-13≤ℓ≤14 
1956 
1956 
0.0348/0.0748 
0.89 
0.0748 
0.17/-0.21 
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Table 5.2. Crystallographic data for 1 and 2. 
 1 2 
Chemical formula 
Formula weight 
Crystal system 
Space group 
 a (Å) 
b (Å) 
c (Å) 
β (°) 
Volume (Å3) 
Z 
Density (calc.;g.cm-3) 
Crystal size (mm) 
F(000) 
θ range for data collection (°) 
Index ranges 
 
 
Observed data [I>2σ(I)] 
Parameter 
Goodness-of-fit on F2 
Final R indices: R 
                         wR2 
Largest diff. peak/hole (e.Å-3)  
C18H22CIN2O3Re 
536.04 
orthorhombic 
P212121 
7.2113(4) 
10.3811(5) 
10.809(4) 
90 
18343.7(15) 
4 
1.941 
0.05x0.13x0.13 
1040 
3.8-28.3 
-9≤h≤8 
-11≤k≤13 
-32≤ℓ≤32 
2692 
228 
0.82 
0.0303 
 0.0549 
1.35/-0.71 
C36H37CIN2O2Re, O4Re 
1032.52 
monoclinic 
P21/c 
17.2270(5) 
9.6870(2)2 
21.6113(5) 
44 
3546.75(15) 
4 
1.934 
 
1988 
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Table 5.3.  Selected bond lengths [Å] and angles [°] for H2had. 
O(1)-C(3) 
C(1)-N(1) 
C(1)-C(2) 
C(1)-N(1)-C(8) 
N(1)-C(1)-C(2) 
C(2)-C(7)-C(6) 
1.363(2) 
1.477(2) 
1.505(2) 
111.2(1) 
113.5(1) 
121.9(1) 
O(2)-C(10) 
N(2)-C(16) 
C(2)-C(3) 
C(16)-N(2)-C(17) 
O(1)-C(3)-C(2) 
C(5)-C(6)-C(7) 
1.371(2) 
1.468(2) 
1.407(2) 
109.4(1) 
117.0(1) 
119.0(2) 
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Table 5.4.  Selected bond lengths [Å] and angles [°] for 1. 
Re-O(1) 
Re-O(3) 
Re-Cl 
C(3)-O(1) 
N(1)-C(1) 
C(17)-N(2) 
 
Cl-Re-O(1) 
Cl-Re-O(2) 
Cl-Re-O(3) 
Cl-Re-N(1) 
Cl-Re-N(2) 
O(1)-Re-N(2) 
O(2)-Re-N(2) 
N(1)-Re-N(2) 
Re-N(1)-C(8) 
C(8)-N(1)-C(1) 
C(16)-N(2)-C(17) 
1.942(5) 
1.674(5) 
2.364(2) 
1.355(1) 
1.504(9) 
1.486(1) 
 
91.67(2) 
86.26(2) 
99.4(2) 
175.09(2) 
96.60(2) 
84.9(2) 
175.9(3) 
82.9(2) 
106.6(4) 
105.6(6) 
109.4(6) 
 
 
Re-O(2) 
Re-N(1) 
Re-N(2) 
C(10)-O(2) 
N(1)-C(15) 
C(18)-N(2) 
 
O(1)-Re-O(2) 
O(1)-Re-O(3) 
O(2)-Re-O(3) 
O(1)-Re-N(1) 
O(2)-Re-N(1) 
O(3)-Re-N(1) 
O(3)-Re-N(2) 
Re-O(1)-C(3) 
Re-O(2)-C(10) 
C(8)-N(1)-C(15) 
O(1)-C(3)-C(4) 
1.988(5) 
2.173(5) 
2.230(6) 
1.350(9) 
1.492(1) 
1.487(7) 
 
92.1(2) 
166.4(3) 
96.5(2) 
83.4(2) 
94.0(2) 
85.4(3) 
86.1(2) 
140.6(5) 
122.8(5) 
110.1(7) 
121.2(7) 
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Table 5.5.  Selected bond lengths [Å] and angles [°] for 2. 
Re(1)-O(1) 
Re(1)-Cl 
Re(1)-N(2) 
C(3)-O(1) 
N(1)-C(1) 
N(1)-C(15) 
C(17)-N(2) 
 
Cl-Re(1)-O(1) 
Cl-Re(1)-O(2) 
Cl-Re(1)-P 
Cl-Re(1)-N(1) 
Cl-Re(1)-N(2) 
O(2)-Re(1)-N(1) 
O(2)-Re(1)-N(2) 
N(1)-Re(1)-N(2) 
Re(1)-N(1)-C(8) 
C(8)-N(1)-C(1) 
C(16)-N(2)-C(17) 
1.908 
2.370 
2.238 
1.348 
1.434 
1.478 
1.473 
 
91.55 
93.68 
86.88 
90.41 
170.33 
89.24 
90.08 
80.73 
110.53 
104.89 
110.03 
 
 
Re(1)-O(2) 
Re(1)-N(1) 
Re(1)-P 
C(10)-O(2) 
N(1)-C(8) 
C(16)-N(2) 
C(18)-N(2) 
 
O(1)-Re(1)-O(2) 
O(1)-Re(1)-P 
O(2)-Re(1)-P 
O(1)-Re(1)-N(1) 
O(1)-Re(1)-N(2) 
Re(1)-O(1)-C(3) 
Re(1)-O(2)-C(10) 
C(8)-N(1)-C(15) 
O(1)-C(3)-C(2) 
O(1)-C(3)-C(4) 
O(2)-C(10)-C(9) 
1.886 
2.225 
1. 674(5) 
1.380 
1.507 
1.510 
1.494 
 
174.38 
94.44 
87.91 
88.66 
84.43 
135.57 
135.24 
109.82 
121.17 
118.59 
121.27 
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Chapter 6 
 
The oxidation of rhenium(III)  in the presence of tri- 
and tetradentate NO-donor ligands  
 
 
6.1 Introduction 
 
Interest in the chemistry of oxorhenium(V) complexes stems from their 
applications to catalysis and therapeutic nuclear medicine [1]. One successful 
approach to the development of potential therapeutic agents based on rhenium 
has been the exploitation of Schiff-base ligands set to stabilize the oxorhenium(V) 
core. Schiff-base ligands provide considerable versatility in their substituent 
groups, and thus the possibility exists for designing rhenium complexes with 
useful biological properties [2]. On the other hand, oxorhenium(V) complexes with 
different tetradentate N2O2-donor Schiff-bases have been investigated extensively, 
but very few structurally characterized [ReO]3+ complexes incorporating 
conformationally labile, reduced Schiff-bases and tetradentate ligands are known 
[3,4].  
 
Polydentate Schiff-bases are suitable systems to stabilize and surround the [MO]3+ 
core [5]. The geometry of these complexes depends on the nature of the ligand 
(the number and type of coordinating atoms and the chain length between the 
coordinating groups). 
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The preparations, structures and properties of dinuclear and polynuclear oxo 
complexes have received increased attention recently since these species can 
produce specific structures, properties and reactivities which are not usual for 
mononuclear complexes [6]. These compounds have vast applications in 
catalysis, biological mimicry, multi electron-transfer reactions and metal-metal 
interactions [7]. 
 
In this chapter the syntheses of the complexes [ReOCl2(ham)]2 and  [ReOCl(hap)], 
derived from the reactions of [ReCl3(benzil)(PPh3)] and trans-
[ReCl3(MeCN)(PPh3)2] with the tridentate N2O-donor chelate 2-[((2-
pyridinylmethyl)amino)methyl]phenol (Hham) and N,N-bis(2-hydroxybenzyl)-
aminomethylpyridine (H2hap), respectively, are described. H2hap is very similar to 
the ligand H2had (discussed in Chapter 5), and differ mainly in the substituent R 
on the third arm of the tripod (see Figure 6.1). The crystal structures and the 
spectroscopic properties of these compounds will also be discussed. 
 
C H 2
R
N
O H
N
H h a m                                                                                                                H
H 2 h a d C H 2 N ( C H 3 ) 2
H 2 h a p
N
R '
R                                                          R '
H O
H O
 
 
Figure 6.1. Structures of the ligands. 
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6.2 Experimental 
 
6.2.1 Syntheses of the complexes 
 
[ReOCl2(ham)]2 (1) 
 
To [ReCl3(benzil)(PPh3)] (103 mg, 122 µmol) in 5 mL of acetonitrile was added 
Hham  (31 mg, 245 µmol) in 10 mL of acetonitrile. The resulting dark purple 
mixture was heated at reflux for 1 hour. During this time the colour of the reaction 
mixture gradually changed to green, and upon cooling to room temperature a 
green precipitate was filtered off. The slow evaporation of the filtrate at room 
temperature deposited green needles which were suitable for X-ray diffraction 
studies. Yield = 64%; m.p. > 350°C. Anal. Calcd. for C13H13N2O2Cl2Re (%): C, 
32.10; H, 2.69; N, 5.76. Found: 32.21; H, 2.61; N, 5.88. Infrared (cm-1): v(Re=O) 
964(vs); v(NH) 3156(s); δ(py) 1613(m); v(C-O) 1273(vs). 1H NMR (DMSO-d6):  
10.09 (bs, NH) 9.35 (d, 2H, H13, H26); 7.93 (t, 2H, H11, H24); 7.75 (t, 2H, H12, H25); 
7.59 (d, 2H, H10, H23);  7.13 (d, 2H, H2, H15); 6.83 (t, 2H, H3, H16); 6.69 (t, 2H, H4, 
H17); 5.96 (d, 1H, H2, H15); 5.05 (d, 2H, H8a, H21a); 4.67 (dd, 2H, H8b, H21a); 4.39 (d, 
2H, H7a, H20a); 4.09 (dd, 2H, H7b, H20a). Electronic spectrum (λmax, nm/ε, M-1cm-1): 
344 (9800), 255 (22500). Conductivity (10-3 M, CH3CN): 9 ohm-1cm2mol-1. 
 
[ReOCl(hap)] (2) 
 
To a suspension of 79 mg of H2hap (247 µmol) in 5 mL of acetonitrile was added 
107 mg of trans-[ReCl3(MeCN)(PPh3)2] (128 µmol) dissolved in 7 mL of 
acetonitrile. The reaction mixture was heated at reflux for 1 hour, after which the 
dark green solution was cooled and filtered. The slow evaporation of this solution 
yielded green crystals that were suitable for X-ray crystallographic studies. The 
crystals were collected by filtration and dried under vacuum. Yield = 67%; m.p.  
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275 °C.  Anal. Calcd. for C20H18N2O3ClRe (%): C, 43.20; H, 3.26; N, 5.04.  Found: 
C, 43.22; H, 3.23; N, 4.82. Infrared (cm-1): ν(Re=O) 960(vs); ν(C-O) 1248(s), 
1273(s); ν(Re-N) 494(m), 516(m); ν(Re-O) 468(w). 1H NMR (DMSO-d6): 8.97 (d, 
1H, H20); 7.89 (t, 1H, H18); 7.69 (t, 1H, H19); 7.59 (d, 1H, H4); 7.44 (t, 1H, H6); 7.34 
(d, 1H, H11); 7.16 (d, 1H, H7); 7.05 (d, 1H, H14); 6.92 (t, 1H, H5); 6.85 (t, 1H, H12); 
6.56 (d, 1H, H17); 6.06 (t, 1H, H13); 5.89 (d, 2H, H15); 5.14 (d, 2H, H1); 4.86 (d, 2H, 
H8). Electronic spectrum (λmax, nm/ε, M-1cm-1): 595 (760), 379 (21000). 
Conductivity (10-3 M, CH3CN): 18 ohm-1cm2mol-1.  
 
6.2.2 Crystallography 
 
Crystals of complexes 1 and 2 were grown from the slow evaporation of the 
mother liquors of the synthetic solutions. Diffraction data were measured using an 
Enraf-Nonius Kappa CCD diffractometer (graphite-monochromated MoK
α 
radiation, λ = 0.71073 Å). Intensity data were processed using the DENZO-SMN 
package [8]. The structures were solved using the direct-methods program SIR92 
[9], which located all non-hydrogen atoms. Subsequent full-matrix least-squares 
refinements were carried out using the CRYSTALS program suite [10]. Hydrogen 
atoms were positioned geometrically after each cycle of refinement. A three-term 
Chebychev polynomial weighting scheme was applied. Refinements for 1 and 2 
converged satisfactorily to give R = 0.0245, wR2 = 0.0485 and R = 0.0238, wR2 = 
0.0446 respectively. Details of the crystal data, measurement of intensities and 
data processing are summarised in Table 6.1. Selected bond lengths and angles 
for 1 and 2 are listed in Tables 6.2 and 6.3 respectively. 
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6.3 Results and discussion 
 
6.3.1 Synthesis 
 
The treatment of [ReCl3(benzil)(PPh3)] (1) with Hham in a 1:2 molar ratio in 
ethanol led to the isolation of the hydrogen-bonded dinuclear compound 
[ReOCI2(ham)]2 in moderate yield. The same product was isolated at equimolar 
quantities of the reactants. The reaction of trans-[ReCl3(MeCN)(PPh3)2] (2) with a 
twofold molar excess of H2hap in acetonitrile produced the neutral six-coordinate 
monooxorhenium(V) complex [ReOCI(hap)] in moderate yield. The slow 
evaporation of the mother liquors of the reaction solutions of both complexes at 
room temperature afforded green crystals that were suitable for X-ray diffraction 
studies. The oxidation of the metal centre from the +lll to +V oxidation states 
readily occurs in the presence of air.  
 
The elemental analyses of the complexes are in good agreement with their 
proposed formulation. Conductivity readings between 120 and 160 ohm-1cm2mol-1 
in acetonitrile are consistent with a 1:1 electrolyte [11]. 
 
Complex 1 is soluble in DMF, insoluble in acetone, dichloromethane, benzene, 
THF and chloroform, and partially soluble in acetonitrile and alcohols. Complex 2 
is weakly soluble, but stable in polar solvents like DMSO, DMF, acetonitrile, 
acetone and chloroform. Both complexes are stable for months in the solid state 
and in solution, in which they maintain their individual original colours.  
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6.3.2 Spectral characterization 
 
The infrared spectra of both complexes prove that the multidentate ligands are 
coordinated, as were evidenced by shifts in absorptions relative to those of the 
free ligands. The infrared spectrum of [ReOCl2(ham)]2 (1) (Figure 6.2) is 
characterized by a very strong absorption at 964 cm-1 which is assigned to 
v(Re=O). This frequency occurs in the range normally observed for neutral six-
coordinate monooxorhenium complexes [12-15].  Monooxorhenium(V) complexes 
with an anionic oxygen atom in the position trans to the oxo group have the 
v(Re=O) typically in the range 950-968 cm-1. The corresponding stretch for 
[ReOCl(hap)] (2) appears as a very strong absorption at 960 cm-1 (Figure 6.3).  In 
complex 1 a strong absorption band at 3150 cm-1 has been assigned to v(N-H), 
proving that the amino nitrogen remains protonated upon complexation to the 
metal. In the free ligand this band appears at 3266 cm-1. Deprotonation of the 
phenolic OH group in both complexes is evidenced by the absence of a band in 
the region 3200-3500 cm-1, and coordination of the deprotonated phenolic oxygen 
to rhenium is reflected in a v(C-O) at 1273 cm-1.  
 
 
 
Figure 6.2. The IR spectrum of [ReOCl2(ham)]2. 
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Figure 6.3. The IR spectrum of [ReOCl(hap)]. 
 
The 1H NMR spectra of the compounds were run in DMSO-d6 and consist of easily 
identifiable singlets, doublets, triplets and multiplets. The lack of paramagnetic 
broadening in the 1H NMR spectra of both complexes confirms their diamagnetic 
character. 
 
The broad singlet centred at 10.09 ppm in the spectrum of 1 is attributable to the 
amino proton of ham (Figure 6.4).  In the free ligand this signal appears at 7.28 
ppm. The doublet at 9.35 ppm is assigned to the proton adjacent to the pyridinic 
nitrogen (H13), a downfield shift of 0.83 ppm from the free ligand. The aromatic 
region of the spectrum consists of two triplets centred at 7.93 and 7.75 ppm (H13, 
H12),   two   doublets   at 7.59 and 7.13 ppm (H10, H2).  The lower region of the  
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spectrum exhibits a doublet at 5.05 ppm (H8a) and a set of doublet of doublets 
centred at 4.67 ppm (H8b). Again, a similar pattern is also observed for proton 7 
(H7a, H7b). The upfield shift in the protons of these methylene groups (H7, H8) 
indicates the non-equivalence of the methylene protons of the chelated ligand in 
solution. This is in contrast with the free ligand where each of these methylene 
protons resonates as singlets at the same chemical shift. The absence of the O-H 
phenolic proton signals supports the phenolate coordination. The resonance of the 
NH proton as a broad singlet furthest downfield (9.35 ppm) suggests that ham 
acts as a tridentate monoanionic chelate. Thus, the analysis of the 1H NMR 
spectrum of [ReOCl2(ham)]2 shows that ham is completely coordinated.  
 
The 1H NMR spectrum of 2 supports the arrangement of hap around the 
rhenium(V) centre, with all the aromatic protons in different chemical environments 
(Figure 6.5).  In the aromatic region there are twelve separate signals (6 doublets 
and 6 triplets) for the twelve aromatic protons. Furthermore, the signals of all the 
protons are shifted downfield with respect to those of the free ligand.  
 
The electronic spectra of the complexes were recorded in acetonitrile. In the 
electronic spectrum of 1 the intense band at 255 nm has previously been assigned 
to the π→π* transition of the pyridine rings of the ligand [16]. Complex 2 displays 
an absorption band at 329 nm which is assigned to the ligand-to-metal charge 
transfer. The d-d transition of the complex is evidenced by the presence of the 
absorption band observed in the visible spectrum at 595 nm. 
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Figure 6.4. The 1H NMR spectrum of [ReOCl(ham)]2. 
 
 
 
 
 
 
Figure 6.5. The 1H NMR spectrum of [ReOCl(hap)]. 
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6.3.3 Description of the structures 
 
[ReOCl2(ham)]2  
 
The complex exists as a centrosymmetric hydrogen-bonded dimer (Figure 6.6). 
Each rhenium ion is in a distorted octahedral geometry. The basal plane is defined 
by the pyridyl nitrogen, two cis chlorides and the amino nitrogen of ham. The oxo 
group and phenolate oxygen of ham lie in trans axial positions. Distortion from an 
ideal rhenium-centred octahedron results in a non-linear O(1)=Re(1)-O(2) axis of 
166.8(2)° accomplished by  Cl(1)-Re(1)-N(2) = 169.9(2)° and Cl(2)-Re(1)-N(1) = 
172.5(2)°. The corresponding angles for the second complex in the dimer are 
O(4)=Re(2)-O(3) = 166.9(1)°; Cl(3)-Re(2)-N(4) = 168.7(2)° and Cl(4)-Re(2)-N(3) = 
172.9(2). The metal is shifted out of the mean equatorial Cl2N2 plane by 0.098 Å 
towards O(2) [for Re(1)] and by 0.225 Å towards O(4) [for Re(2)], with angles 
O(2)-Re(1)-Cl(1) = 96.8(2)° [O(4)-Re(2)-Cl(3) = 98.2(2)°], O(2)-Re(1)-Cl(2) = 
100.8(2)° [O(4)-Re(2)-Cl(4) = 100.5(1)°], O(2)-Re(1)-N(1) = 85.3(2)° [O(4)-Re(2)-
N(3) = 85.6(2)°] and O(2)-Re(1)-N(2) = 91.0(2)° [O(4)-Re(2)-N(4) = 90.6(2)°].   
 
The Re=O bond lengths [average = 1.685 Å] are within the range expected with a 
phenolate oxygen trans to the oxo group [17]. There is a significant difference in 
bond length between Re(1)-O(1) [1.940(4) Å] and Re(2)-O(3) [1.956(3) Å], which 
is also reflected in the difference between the Re(1)-O(1)-C(1) [136.3(4)°] and 
Re(2)-O(3)-C(14) [134.3(8)°] bond angles. These bond lengths are substantially 
shorter than 2.04 Å, which is representative of a Re(V)-O single bond [18]. The 
Re-Cl bond distances are within the expected range of other rhenium(V) 
complexes. The Re-Npy distances are shorter than the bonds from the amino 
nitrogen to the metal. These bond lengths are within the range expected from the 
comparison of other six-coordinate monooxorhenium(V) complexes containing the 
ClN2O donor set [15,19].  The  complex  exists  as  a  hydrogen-bonded dimer with  
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both H(1)·····Cl(3) and H(3)·····Cl(1) bond distances equal to 2.310 Å. This renders 
high stability to the compound. The coordinated ligand (map) acts as a tridentate 
monoanionic moiety through the pyridyl nitrogen N(2), amino nitrogen N(1) and 
phenolic oxygen O(1). 
 
 
 
Figure 6.6. Structure of [ReOCl2(ham)]2 showing the atom-labeling scheme. 
 
[ReOCI(hap)] 
 
The X-ray crystal structure of [ReOCI(hap)] reveals that the complex consists of 
two independent molecules  in the asymmetric unit. The structure (see Figure 6.7) 
consists of a discrete, monomeric and neutral oxorhenium complex packed with 
no intermolecular contacts shorter than the Van der Waals radii sum. The 
coordination geometry around the rhenium is highly distorted octahedral; the two 
nitrogen atoms N(1) and N(2) from the tetradentate dinegative ligands lie on the  
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equatorial plane, along with the chloride and phenolate O(2) atoms, with the 
phenolate O(1) trans to the O(3) oxo atom. The chloride is coordinated trans to the 
tripodal N(1) atom. In the coordination sphere of the complex the six-membered 
metallocycle adopts the twist-boat conformation, the dihedral angles between the 
two aromatic rings being 60.42°. 
 
The O(1)-Re(1)-O(3) axis is non-linear [166.05(1)°] and the rhenium atom is 
displaced from the mean equatorial plane by 0.124(1) towards the oxo oxygen 
atom. For example, as a measure of the octahedral distortion in the ClN2O3 
polyhedron, the Re atom is -1.23 Å from the N(2)N(1)O(3) plane and +1.22 Å from 
the Cl(1)O(2)O(1) one, the angle between the two triangular faces being 7.62°. 
The interligand angles in the equatorial planes depart considerably from the ideal 
90° (Table 6.3). 
 
 
Figure 6.7. An ORTEP view of [ReOCl(hap)] with the atom-numbering scheme. 
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The Re(1)=O(3) distance of 1.689(2) Å compares favourably with those reported 
previously [13-15]. Surprisingly, the Re(1)-O(1) bond lengths, trans to the oxo 
oxygen O(3), are significantly shorter than the equatorial Re(1)-O(2) bond lengths 
[e.g. 1.964(2) vs 1.985(2) Å]. This is in contrast with the complex [ReOCl(sal2en)] 
(sal2en = 1,3-N,N’-bis-(3,5-salicylideneimine)diamino-2,2-dimethylpropyl), where 
the trans Re-O bond length [1.994(5) Å] is significantly longer than the cis Re-
O(phenoxy) bond length of 1.976(5) Å [13]. 
 
The Re(1)-N(2) bond [2.134(2) Å] is significantly shorter than the Re(1)-N(1) bond 
[2.155(3) Å], which can be attributed to the sp3 character of N(1). The Re-Cl bond 
length agrees well with those reported in the literature, and furthermore, these 
bond lengths are within the range expected from the comparison of other six-
coordinate monooxorhenium(V) complexes containing the ClN2O3 donor set [13-
15]. 
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Table 6.1.  Crystallographic data for 1 and 2. 
 1 2 
Chemical formula 
Formula weight 
Crystal system 
Space group 
a (Å) 
b (°) 
c (°) 
γ (°) 
Volume (Å3) 
Z 
Density (calc.;g.cm-3) 
F(000)  
Crystal size (mm) 
θ range for data collection(°) 
Index ranges 
 
 
Observed data [I>2σ(I)] 
Parameters 
Goodness-of-fit on F2 
Final R indices: R 
                        wR2 
Largest diff. peak/hole (e.Å-3) 
C13H13CI12N2O2Re 
436.36 
orthorhombic 
Pna21 
18.7478(5) 
7.31878(16) 
22.0835(6) 
90 
3030.10(13) 
8 
2.132 
1840 
0.14 x 0.28 x 0.31 
3.9, 26.3 
-21≤h≤23 
-9≤k≤9 
-27≤ℓ≤19 
4508 
361 
0.95 
0.0238 
0.0446 
0.88/-0.96 
C20H18CIN2O3Re 
556.03 
triclinic 
P21/c 
11.5483(2) 
12.0556(2) 
13.8561(2) 
91.9569(11) 
1871.74(5) 
4 
1.973 
1072 
0.04 x 0.09 x 0.11 
3.1, 27.5 
-14≤h≤14 
-15≤k≤15 
-17≤ℓ≤17 
7094 
487 
1.05 
0.0245 
0.0485 
1.10/-0.85 
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Table 6.2. Selected bond distances [Å] and angles [°] for 1. 
Re(1)-Cl(1) 
Re(1)-Cl(2) 
Re(1)-O(1) 
Re(1)-O(2) 
Re(1)-N(1) 
Re(1)-N(2) 
O(1)-C(1) 
N(1)-C(8) 
 
O(1)-Re(1)-O(2) 
O(1)-Re(1)-N(1) 
O(2)-Re(1)-N(1) 
O(2)-Re(1)-N(2) 
O(2)-Re(1)-CI(1) 
O(2)-Re(1)-CI(2) 
CI(1)-Re(1)-N(1) 
CI(1)-Re(1)N(2) 
CI(1)-Re(1)-O(1) 
CI(2)-Re(1)-N(1) 
Re(1)-O(1)-C(1)  
N(1)-Re(1)-N(2) 
Re(1)-N(1)-C(8) 
Re(1)-N(1)-C(7) 
2.385(2) 
2.372(2) 
1.940(4) 
1.6844 
2.171(6) 
2.122(6) 
1.357(7) 
1.494(8) 
 
166.8(2) 
82.8(2) 
85.3(2) 
91.0(2) 
89.63(6) 
100.8(2) 
94.1(2) 
169.9(2) 
89.8(2) 
172.5(2) 
136.3(4) 
80.0(2) 
108.6(4) 
117.1(4) 
 Re(2)-Cl(3) 
Re(2)-Cl(4) 
Re(2)-O(3) 
Re(2)-O(4) 
Re(2)-N(3) 
Re(2)-N(4) 
O(3)-C(14) 
N(3)-C(21) 
 
O(3)-Re(2)-O(4) 
O(3)-Re(2)-N(3) 
O(4)-Re(2)-N(3) 
O(4)-Re(2)-N(4) 
O(4)-Re(1)-CI(3) 
O(4)-Re(2)-CI(4) 
CI(3)-Re(2)-N(3) 
CI(3)-Re(2)-N(4) 
CI(3)-Re(2)-O(3) 
CI(4)-Re(2)-N(3) 
Re(2)-O(3)-C(14) 
N(3)-Re(2)-N(4) 
Re(2)-N(3)-C(21) 
Re(2)-N(3)-C(20) 
2.379(2) 
2.369(2) 
1.956(3) 
1.685(4) 
2.179(6) 
2.113(6) 
1.360(7) 
1.489(9) 
 
166.9(1) 
83.01(2) 
85.6(2) 
90.6(2) 
89.1(1) 
100.5(1) 
94.4(2) 
168.7(2) 
89.1(2) 
172.9(2) 
134.3(3) 
79.3(2) 
108.0(5) 
116.8(4) 
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Table 6.3. Selected bond lengths [Å] and angles [°] for 2. 
Re(1)-O(1) 
Re(1)-Cl 
Re(1)-N(2) 
C(3)-O(1) 
N(1)-C(8) 
 
Cl-Re(1)-O(1) 
Cl-Re(1)-O(2) 
Cl-Re(1)-O(3) 
Cl-Re(1)-N(1) 
Cl-Re(1)-N(2) 
O(1)-Re(1)-N(2) 
O(2)-Re(1)-N(2) 
N(1)-Re(1)-N(2) 
Re(1)-N(1)-C(1) 
C(8)-N(1)-C(15) 
C(16)-N(2)-C(20) 
1.964(2) 
2.397(8) 
2.134(2) 
1.362(5) 
1.511(5) 
 
89.32(7) 
87.11(7) 
98.56(8) 
173.54(7) 
97.92(7) 
80.20(9) 
171.11(1) 
79.2(1) 
107.5(2) 
110.1(2) 
119.6(3) 
 Re(1)-O(2) 
Re(1)-O(3) 
Re(1)-N(1) 
C(16)-O(3) 
N(1)-C(15) 
 
O(1)-Re(1)-O(2) 
O(1)-Re(1)-O(3) 
O(2)-Re(1)-O(3) 
O(1)-Re(1)-N(1) 
O(2)-Re(1)-N(1) 
O(3)-Re(1)-N(1) 
O(3)-Re(1)-N(2) 
Re(1)-O(2)-C(3) 
Re(1)-O(3)-C(16) 
C(1)-N(1)-C(8) 
O(1)-C(3)-C(4) 
1.985(2) 
1.689(2) 
2.155(3) 
1.354(5) 
1.503(4) 
 
92.59(1) 
166.05(1) 
99.25(11) 
84.35(9) 
94.50(9) 
87.37(1) 
80.30(1) 
123.6(2) 
130.2(2) 
107.2(2) 
121.8(3) 
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Chapter 7 
 
Conclusion and future work 
 
 
This study presents the successful syntheses of rhenium(III) and rhenium(V) 
complexes containing various NO-donor ligands. The study is restricted to 
fundamental coordination chemistry, and the evaluation of the complexes as 
potential therapeutic agents falls outside the scope of this investigation.  
 
In Chapter 3 oxorhenium(V) complexes derived from a hydrazone  Schiff-base 
ligand were synthesized. These ligands have proven to play a significant role in 
pharmacological applications. This work can be continued by derivatizing the 
ligand, thereby forming new ligand systems that can stabilize the metal and have 
potential applications in radiopharmacy. They have been used in anti-microbial 
and anti-tumour activities in other transition metals.  
 
The work presented in Chapter 4 can be extended further by the derivatization of 
2,2’-dipyridylamine to form novel tridentate ligand systems. Only rhenium(V) 
complexes containing dpa have appeared in the literature. Therefore dpa could 
also be used to explore the undeveloped lower oxidation states +l and +Il since 
polypyridyl ligands have appeared to stabilize the metal. Another possible avenue 
to explore would be to substitute some of the labile monodentate ligands in fac-
[ReCl3(dpa)(PPh3)]. 
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In Chapter 5 and 6, reduction of the Schiff-bases to amines has the advantage 
that the ligands become more stable and more flexible and are therefore not 
restricted to remain planar. This work has led to the formulation of oxorhenium(V) 
complexes containing N2O2-donor tripodal ligands obtained from the reduction of 
imines which stabilize the oxorhenium(V) core. This work can be continued by 
designing these ligand systems to stabilize the metal. There are very few tripodal 
ligands reported for rhenium in the literature. 
 
The formation of a dinuclear complex was studied in Chapter 6. An extension of 
this study can be done by the use of similar ligands as shown below to explore the 
possibility of forming novel dinuclear complexes.  
 
CH2
R
N
OH
CH2N(CH3)2
N
H2C
H
R
 
 
 
